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ABSTRACT
An alternative approach to traditional growth methods of nanocrystalline material is
co-deposition by injection of separately synthesized silicon nanoparticles into amorphous
silicon. Current methods of co-deposition of silicon nanoparticles and amorphous silicon via
plasma enhanced chemical vapor deposition allow the two reactors’ pressures to affect each
other, leading to either poor amorphous silicon quality or uncontrollable nanoparticle size
and deposition rate. In this thesis, a technique for greater control of stand-alone silicon
nanoparticle size and quality grown was achieved by using a slit nozzle. The nozzle was
used to separate the nanoparticle and amorphous reactors, allowing for the ability to control
nanoparticle size, crystallinity, and deposition rate during co-deposition, while still allowing
for high quality amorphous silicon growth. Changing the width of the nozzle allowed for
control of the size of the nanoparticles from 10 to 4.5 nm in diameter, and allowed for the
precursor gas flow rate, and thus deposition rate, to be changed with only a 6% change in size
estimated from luminescence emission wavelength. Co-deposited samples were grown within
a broad range of flow rates for the silicon nanoparticle precursor gas, resulting in each sample
having a different crystal fraction. FTIR, PL, Raman, and XRD were used to analyze their
composition. The silicon nanoparticle synthesis was separately optimized to control size and
crystallinity, and the influence of the nanoparticle process gases on amorphous silicon growth
was also explored. Finally, COMSOL simulations were performed to support and possibly
predict Si-NP growth variables that pertain to Si-NP size.
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Silicon has been the cornerstone of the photovoltaic industry with the current widespread
use of mono and polycrystalline devices [1]. Silicon is attractive because not only is it
inexpensive and abundant, but also its electrical properties are some of the best available for
the solar industry; for example, it has one of the highest theoretical single-junction device
efficiencies [2]. There are three phases of silicon used in current, widely available silicon
photovoltaic devices: the amorphous phase, the crystalline phase, and a combination of
the two called micro or nanocrystalline (nc-Si), depending on the size of the crystallites.
Amorphous silicon (a-Si), a solid phase of the material with no long-range crystalline order,
is currently less popular but has benefited from decades of research dating back to the
1970’s [3]. This phase excels at collecting sunlight, allowing for a solar cell of this type to
be relatively thin. However, it is not as effective at transferring collected energy out of the
device as crystalline silicon and also degrades quickly in the presence of light, a phenomenon
known as the Staebler-Wronski effect [4]. Crystalline silicon (c-Si) is widely used because
whereas a thicker piece is needed to collect the same amount of sunlight as an a-Si solar cell,
it has higher carrier mobility, fewer defects, does not suffer from the Staebler-Wronski effect,
and can be produced en masse via the Czochralski or Siemens process [5, 6]. The nc-Si phase
has been used in an attempt to integrate the strengths of both these materials; specifically,
the nc-Si phase is composed of nano sized grains of c-Si inside an a-Si matrix. One method of
synthesizing this material is to grow crystalline phases inside of an amorphous silicon sample
by altering the growth environment. While this enhances the a-Si’s stability with respect to
the Stabeler-Wronski effect, it decreases the device’s efficiency [7].
The growth in efficiency of these types of solar cells has plateaued, however, current
research suggests that nanotechnology may be able to overcome this limit [8]. Efforts have
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been made to grow nanocrystallites in the form of stand-alone silicon nanoparticles (Si-
NPs) and deposit them directly into the a-Si while it is growing. Whereas previous research
groups have been successful in this endeavor [9, 10], the process has not been fully optimized,
leading to either low quality a-Si or the inability to control Si-NP size or deposition rate.
The purpose of this thesis is to present an experimental technique that allows Si-NPs to
be synthesized with a predictable size, deposition rate, and crystallinity while also enabling
quality a-Si growth.
1.1 Material Phases of Silicon
The unit cell of bulk c-Si forms a diamond structure, with eight atoms in a unit (Fig-
ure 1.1). As a semiconductor, it has an indirect band gap of 1.12 eV and is therefore a
relatively poor absorber of light, requiring monocrystalline silicon solar cells to be 0.2 to 0.3
mm thick [11]. Current solar cells of this type can reach efficiencies of 25% and have a mar-
ket share of 36% as of 2016 [1]. Monocrystalline solar cells are grown using the Czochralski
method and then cut into thin wafers. Multicrystalline solar cells are manufactured via the
Siemens process and only reach efficiencies of 18% [12].
Figure 1.1: A unit cell from crystalline silicon, displaying the diamond structure with eight
atoms in a cell.
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Figure 1.2 depicts the difference between crystalline (a) and amorphous (b,c) phases in
silicon. a-Si is a phase where there is no long range order. If grown in the absence of
hydrogen, the structure usually has a substantial number of dangling bonds, or unpaired
electrons. These defects act as trap states for any carriers moving through the structure,
reducing the efficiency of the material if used for a device [2]. Figure 1.2 (c) represents the
passivation of these dangling bonds with hydrogen (seen in red), affording hydrogenated
amorphous silicon (a-Si:H) better electron transport and a longer carrier lifetime before
recombination [13]. However, even with complete passivation, void spaces can occur when a
large section of silicon atoms are absent, leading to lower device efficiencies [14, 15].
Figure 1.2: Two phases of silicon; (a) is crystalline (seen from the 001 plane), where there is
a long range order of atoms. (b) is amorphous, where the atoms are still bonded, but there
is no long range order. This particular phase in its pure state usually has dangling bonds,
or unbonded electrons. (c) is the usual state of a-Si when grown with PECVD, where the
dangling bonds are passivated with hydrogen (red). A void space is shown here, where one
or a number of silicon atoms are removed, and the previously connected bonds are passivated
by hydrogen.
a-Si has a much larger absorption coefficient than c-Si. This is caused by the absence of
long range order in a-Si which breaks the k-selection rules that apply to c-Si. It is common
to say a-Si has a direct band gap although this is not technically the correct description; a-Si
does not have a true band gap, but instead is characterized by a mobility gap with extended
states at energies above the mobility edge and localized states at lower energy, leading to a
gap of 1.6 to 1.8 eV. Without the k-selection rules, matrix elements between these states can
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be quite strong [16]. a-Si is commonly grown via chemical vapor deposition (CVD) in the
form of hot-wire CVD or plasma enhanced CVD (PECVD). The hydrogen for passivation
is provided by the pure silane (SiH4) that is used as a precursor gas. Current solar cell
devices consisting entirely of a-Si can achieve 10% efficiency, however, they degrade when
exposed to sunlight. After 100 hours in sunlight, the devices are relatively stable, but can be
repaired back to their original efficiency by heating them to 150 ◦C for 4 hours [17] or longer
at lower temperatures [18]. Unfortunately, the material will degrade again when re-exposed
to sunlight.
The first instances of nc-Si integration into a-Si were observed in experimental studies
wherein SiH4 was diluted with hydrogen during a-Si growth. While initially deemed “poor
quality a-Si,” these films exhibited more durability with respect to the Staebler-Wronski
effect, which was attributed to pockets of nc-Si material found inside the samples [19, 20].
Research on nc-Si continued, but since the nanocrystals were grown within the a-Si itself,
controlling their size and distribution remained difficult and the growth process reduced the
quality of the a-Si [21].
1.2 Silicon Nanoparticles
Si-NPs are classified as particles of crystalline silicon under 100 nms in diameter. Si-
NPs as deposited by the methods employed in this thesis take a physical form as seen in
Figure 1.3 under a transmission electron microscope (TEM). The repeated black and white
parallel lines are indicative of a crystalline core, whereas the static-like exterior is a-Si. When
grown with PECVD, the Si-NPs are produced with amorphous or disordered silicon on the
surface, even when grown outside of an a-Si matrix.
Si-NPs have been studied since the 90s [23], but their integration into solar cells has
been limited and diverse: one method involves depositing a-Si or SiO2 via PECVD or sput-
tering and then annealing the sample [24], another utilizes ion-implantation into a-Si for
Si-NP nucleation sites [25], and another is to modify the deposition environment to nucleate
crystalline material during growth [26, 27].
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Figure 1.3: Si-NPs, spheres of crystalline silicon under 100 nm in diameter, can be located
in a TEM image by finding lattice fringes, repeating black and white parallel lines, in the
image. Image from [22].
The main interest in Si-NPs arises from the unique effect that quantum confinement has
on silicon; normally, silicon possesses a band gap of 1.12 eV, allowing it to collect light with
energy just above the band gap efficiently, while absorption of higher energy photons leads
to excess energy above the band gap being lost to heat. As the size of a Si-NP decreases
below 10 nm in diameter, its band gap can be increased to 1.8 eV, allowing for efficient
collection of higher energy wavelengths [28, 29]. This band gap only occurs in free standing
Si-NPs; when a Si-NP is surrounded by a matrix, such as a-Si, its band gap decreases
because the surrounding amorphous matrix allows the wave function to partially escape
its confinement (Figure 1.4) [30]. Solids composed solely of close packed arrays of Si-NPs
have been proposed as a highly tunable optoelectronic material [29]. While the Si-NPs are
capable of transporting electronic carriers when isolated, they can only do so when closely
connected [31], a configuration that has not been achieved in any growth mode thus far.
Additionally, Si-NP surfaces are highly sensitive to oxidation, and surface passivation with
organic molecules tend to limit transport within such a device. An alternative approach is
embedding the crystallites in a matrix.
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Figure 1.4: A simulated band gap of a Si-NP either standing alone or within an a-Si matrix.
The stand-alone Si-NP band gap will increase as the size decreases, but the matrix will limit
the effectiveness of quantum confinement at smaller diameters [30].
Quantum confinement can be useful to the photovoltaics industry; devices made from
bulk crystalline silicon have only one band gap to collect all the emitted wavelengths from
the sun. Quantum confinement in Si-NPs enables the construction of a solar cell with a
layer of specially tuned Si-NPs, allowing for a multi-junction solar cell utilizing only silicon
(Figure 1.5) that reaches a higher efficiency than the theoretical maximum of a single junction
silicon device [32].
1.3 Motivation for Research
Nc-Si has been proven to be a viable material for use in photovoltaics [24–27]. Transport
can occur through both the a-Si and nc-Si phases [33, 34], and evidence for hot carrier transfer
from a-Si to nc-Si phases has been also been reported [29, 35]. In addition, the amorphous
matrix can shield the nc-Si from environmental oxidation after deposition, and the c-Si
diminishes the effects of optically induced degradation on the a-Si [19, 20]. However, the
growth process for traditional nc-Si involves hydrogen dilution, which harms the amorphous
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Figure 1.5: Quantum confined Si-NPs can be used as a high band gap layer in lieu of other
materials, allowing for a multi band gap solar cell composed entirely of silicon.
material’s performance, or post-process annealing, which adds another step to the growth
process [24–27]. Decoupling the growth of a-Si and Si-NPs solves this problem. In general, for
these composite materials which take advantage of Si-NPs, it is desirable to have the ability
to grow across a broad range of Si-NP material fractions without changing the properties of
the a-Si or Si-NP constituents.
Creating stand-alone Si-NPs via flow-through PECVD was pioneered by Mangolini, et.
al. [36]. Using a modified PECVD reactor, discussed later, they were able to synthesize
a large quantity of Si-NPs without the need for liquids or bulk materials. Shortly after
publishing the findings from their first Si-NP reactor, they achieved simultaneous deposition
of Si-NPs and a-Si by combining the two types of reactors [9]. In the following years, they
moved towards studying the electrical properties of NPs consisting of different elements
such as germanium [37]. This leaves a largely unexplored area of deposition environment
optimization. In the reactor configuration used by both Anderson and Kendrick [9, 10], the
Si-NP and a-Si reactors’ chambers pressures affect each other. Additionally, the Si-NP size,
quality, and deposition rate are all coupled to Si-NP precursor gas flow rate. This thesis
discusses an approach for fabricating Si-NP/a-Si composites which decouples the growth
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zones of each reactor, allowing Si-NP size and concentrations to be varied across relatively
broad ranges without significantly affecting the Si-NP or a-Si matrix properties. The a-
Si that was grown for this paper is hydrogenated amorphous silicon (a-Si:H), shortened to
“a-Si” in this thesis for simplicity.
The prior research to this thesis [22] demonstrated that the addition of a nozzle to the
end of the Si-NP growth tube will accelerate the Si-NPs towards a substrate, creating a
compact film instead of a loose nanopowder. However, in the present study it was realized
that the nozzle also isolates the pressure of the Si-NP reaction zone from the collection zone,
and that the size of the nozzle will affect the upstream pressure, which in turn allows for
control of the Si-NP size. Previously, Si-NP size adjustment was limited to modifying either
the Si-NP precursor gas flow rate or the entire reactor and collection zone pressure with a
throttle valve between the growth chamber and the pump. In a co-deposition system design,
the collection zone of the Si-NP reactor becomes a PECVD deposition zone for a-Si. As a
result, the pressures and flows of the Si-NP growth zone and a-Si deposition chambers become
intertwined. Since growth of a-Si requires low pressure while Si-NPs require relatively high
pressure, one of the materials will have a less than optimal growth environment when a
the pressures in the two reactors affect each other. By placing a nozzle between the two
reactors, the Si-NP reactor pressure is controlled by the nozzle size and flow rate, while the
a-Si reactor pressure can be adjusted by a throttle valve between the chamber and pump.
With this configuration it is possible to change the flow rate of the Si-NPs while minimizing
the affect on the a-Si quality. Research shows that a 50% crystallinity fraction is ideal for
high efficiency devices [38, 39], and this benchmark can be explored with optimization of
the Si-NPs and a-Si as a separate concern. COMSOL simulations have also been utilized in
order to assist with the understanding of how pressure and flow are affected when a nozzle
is introduced to the growth system.
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CHAPTER 2
GROWTH AND CHARACTERIZATION TOOLS
Two reactor types were employed in this study: The first was a Si-NP reactor, closely
following the design of Magolini et al. [36] but modified by adding a nozzle, in the form
of an orifice plate, to the end of the growth tube. This reactor enabled rapid exploration
of conditions which optimized the growth of the Si-NPs. Since it produced Si-NPs with-
out an encompassing matrix, it will be referred to as the stand-alone nanoparticle reactor
(SANPR). The second, dual zone reactor, incorporated the aforementioned Si-NP reactor
into a conventional PECVD chamber used for the deposition of a-Si, similar to Anderson
et al. [9]. The hybrid materials composed of Si-NPs in an a-Si matrix were grown in this
system.
2.1 Stand-Alone Nanoparticle Reactor
Figure 2.1 shows a simply designed reactor composed of a quartz tube and deposition
chamber that was made for the synthesis of stand-alone Si-NPs, not including a nozzle. Its
design was similar to those described in the literature [22, 40]. The SANPR was relatively
compact and easily modified, which allowed for rapid substitution of nozzle sizes and sub-
strates during the optimization of the Si-NP growth variables. A picture of the reactor using
an argon plasma is seen in Figure 2.2.
The SANPR consisted of a quartz tube 9.5 mm OD, 7 mm ID, and 250 mm in length.
Two copper clamps were used as the radio frequency (RF) electrode and ground. The clamps
were 1 cm wide, spaced 0.64 cm apart, and located 2.5 cm from the downstream flange with
the powered electrode upstream of the grounded electrode. The quartz tube fed into a
chamber where the Si-NPs could be collected on either a solid substrate that was placed
directly at the outlet of the quartz tube, or a stainless steel mesh placed in the center of
the chamber. The exit of the chamber included a throttle valve that was used to vary the
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Figure 2.1: A diagram of the SANPR in use. A 0.45% silane in argon mixture was brought
into a quartz tube. A plasma was created by RF power sent to two copper electrodes,
which disassociated the silane gas. As the silane radicals traveled through the plasma, they
reformed to create Si-NPs. These Si-NPs are deposited on either a solid substrate attached
to a linear motion arm or on a mesh in the back of the chamber. A throttle valve was used
to change the chamber pressure. The chamber pressure sensor was located a few centimeters
away from the solid substrate deposition area. The nozzle was a circular plate that was
added to the end of the quartz tube (Discussed in section 3.3).
Figure 2.2: A photo of the SANPR with an argon plasma. This configuration is not used
for growth, but does show the interesting nature of the plasma.
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pressure inside the chamber. The reactor employed an IDP-15 scroll pump without a turbo
to create a base pressure of 0.1 mTorr. Since the reactor could open directly to atmosphere,
silane diluted in argon to 0.45% was used as a precursor gas for safety reasons. However,
this still allowed for fairly high Si-NP growth rates (around 3mg/hr). The addition of the
nozzle enabled both a separation of chamber and reaction zone pressures (described in detail
later) as well as deposition of a very compact film.
There were two ways of collecting Si-NPs in the SANPR: First, a solid substrate could
be placed adjacent to the end of the quartz tube in order to provide a deposition surface for
the exiting Si-NPs. Second, a mesh could be placed in the back of the chamber. While this
was effective for collecting a large amount of Si-NPs, over time, the Si-NPs would build up
and cause the deposition chamber to rise in pressure, effecting growth parameters.
2.2 Dual Zone Reactor
The a-Si section of the dual-zone reactor was a commercial PECVD chamber (MVSystems
model CT8-100-P3); a 15 x 15 cm, hollow stainless steel cube which included a connection to
a central sample transfer zone, a pumping port, and multiple pressure gauges (Figure 2.3).
In the center was a 10 x 10 cm, RF powered electrode plate that was positioned on, but
insulated from, a grounding plate. A sample was attached to a plate that was inserted
upside down to face the electrode plate. When the RF power was turned on with the correct
precursor gases, a capacitively coupled plasma would be created between the two plates. For
a-Si growth, the sample was first heated to 200 ◦C. The temperature was measured via an
external thermocouple attached to the heater which correlated to the internal temperature.
Pressure in the chamber was measured by a baratron gauge that protruded from the side
and was controlled by an automated throttle valve to the pumping valve.
In order to create a dual zone reactor capable of depositing both Si-NPs and a-Si, a
hole 10 mm in diameter was machined into the RF electrode to allow the Si-NP reactor’s
quartz tube to be inserted through the bottom of the electrode, mounting flush with the top
of the electrode. As a result, Si-NPs produced in the tube reactor could be injected into
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Figure 2.3: A dual zone reactor, used for depositing both a-Si and Si-NP, was a combination
of a standard a-Si deposition chamber and the SANPR. The substrate was held on a sample
holder upside down in the middle of the chamber. Above the sample holder was a heater
which heats the sample to the desired temperature. An electrode was situated beneath the
sample holder to create the RF powered plasma used to grow a-Si. The electrode had a
small hole in the middle where the Si-NP reactor’s quartz tube was fed through. As with
the SANPR, two copper electrodes on the quartz tube provided the RF power to create a
plasma that grew the Si-NPs from the dilute silane precursor gas.
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the a-Si growth zone of the PECVD reactor [10]. The growth parameters needed to grow
Si-NPs and a-Si are dissimilar; Si-NP growth generally require pressures higher than 1 Torr
to create crystalline material, whereas a-Si growth requires pressures around 500 mTorr or
less to grow high quality material [41]. Without using a nozzle, certain flow rates above
a minimum value are required to achieve the necessary pressure to create Si-NPs. Since
the growth rate is directly correlated to the flow rate this effectively restricts the range of
flow rates that can be used. In the SANPR, the chamber pressure was controlled via the
chamber’s throttle valve, however, in the dual zone configuration, the throttle valve at the
end of the a-Si deposition chamber held the chamber pressure at 500 mTorr to ensure high
quality a-Si. Therefore, the Si-NP size could only be increased or decreased with flow rate.
A nozzle in the form of an orifice plate on the end of the quartz tube isolates the pressure
in the a-Si reactor from the Si-NP reactor. The flow rate of the Si-NPs could be changed
to modify the growth rate without significantly affecting Si-NP size, and the a-Si growth
chamber pressure could be locked to deposit high quality a-Si. This allowed for precise
control of the Si-NP deposition rate, and thus crystal fraction of the final material.
2.3 Plasma Physics
Both the a-Si and Si-NP depositions rely on plasmas for growth. Plasmas are ionized gases
which can vary from 100 % to low concentrations of ionized particles, the latter of which is
the case for PECVD. PECVD utilizes “discharge glow plasma” via an electromagnetic field,
in which the heavy particles (protons/neutrons) are kept at a low temperature whereas the
electrons are at a very high temperature.
By applying a sufficiently high enough potential across two electrodes, gases in between
them can be brought to an ionized state. This begins by exciting stray electrons, created by
cosmic rays, in the reactor chamber. The potential between the electrodes causes inelastic
electron collisions within the gas, resulting in light and secondary electrons to be emitted,
continuing the plasma reaction. The deposition, however, relies on heavy particle kinetics. In
a DC current PECVD system the positive ions, now charged, are influenced by the potential
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across the electrodes and become attracted to the cathode (Figure 2.4). When the ions
collide with the cathode, they release secondary electrons, which are released back into the
plasma. Deposition by sputtering can be induced by applying sufficiently high power to the
electrodes; at high enough speeds, the ions can impact the cathode and release material that
is deposited onto the anode. At lower power, the ions simply attach to the sample surface.
Figure 2.4: A diagram showing how a plasma is created using a DC powered cathode. From
left to right, argon is first introduced into the chamber. A cosmic rays present in the chamber
release electrons from the anode. These electrons are attracted to the cathode, and collide
with argon atoms along the way. The argon atoms release photons as well as more electrons,
further perpetuating the process. The positively charged argon atoms are attracted to the
cathode, and upon contact, release more electrons into the plasma. If the cathode power is
high enough, the attraction causes the argon atoms to kinetically bombard the surface of the
cathode, sending material shooting outwards, which can be used to sputter onto the anode.
This thesis used an oscillating radio frequency (RF) power source, which causes the
electrons and ions to oscillate between the two plates, causing collisions without necessarily
touching the anode or cathode (Figure 2.5). The electrons are very sensitive to the alternating
current, and oscillate quickly whereas the heavier ions are influenced more by the shape
of the plasma, which is determined by the electrode spacing. Generally, the ions deposit
themselves onto the sample and the entire chamber at random. The RF frequency used in
this project was set at 13.56 MHz, so as to not interfere with other commercial radio waves
[42, 43]. However, this is not the only frequency that has been used in research; “very high
frequency” (VHF) plasmas, from 20-70 MHz, have also been utilized. These plasmas allow
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for lower electron temperatures and higher electron density, which reduce ion bombardment,
effectively increasing the deposition rate and reactor pressure while maintaining material
quality [44].
Figure 2.5: A diagram illustrating how an RF plasma works. From left to right, silane
gas (SiH4) is released into the chamber, and cosmic rays release electrons from the anode.
The electrons collide with the silane molecules, releasing photons, hydrogen, and electrons.
The silane radicals are highly chemically reactive, and will stick to most surfaces. The
radicals build up on surfaces (and themselves) to create a-Si. Si-NPs are formed when gas
is flown through a tube, and the radicals recombine in flight. Environmental variables such
as pressure and flow speed affect the Si-NP size.
Both reactors employed RF power to create a capacitively coupled plasma, and therefore
the plasma physics inside the two reactors were relatively the same. a-Si deposition utilizes
pure silane (SiH4) that is introduced directly into the chamber, whereas Si-NP deposition uses
a mixture of argon and silane. In either process, the plasma separates a portion of SiH4 into
radicals, e.g. SiH3−x. Radicals are atoms, molecules, or ions that have an unpaired electron
in their valence shell. Radicals are highly chemically reactive, and during an a-Si deposition
they attach to the sample and grow material. In a study performed by Lopez, et. al., it
was identified that in a Si-NP reactor, the temperature of these radicals averaged around
200 ◦C, with surges up to 826 ◦C [45]. These surges occur during radical recombination at
diameters around 3 nm, and allow for crystalline silicon nucleation. The heat fluctuation
decreases significantly as the Si-NP size increases, leading to the hypothesis that additional
growth is mostly epitaxial.
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2.4 Photoluminescence
Photoluminescence (PL) is used to measure the emission intensity as a function of wave-
length of a sample after excitation from a light source. In semiconductors, PL can be used
as a probe to acquire a material’s band gap (Figure 2.6).
Figure 2.6: A diagram of how photoluminescence (PL) is used to obtain band gap information
from a sample.
PL begins by illuminating a sample via a light source such as a lamp or laser. This thesis
utilized a UV lamp to provide the high energy source. The light must be at higher energy
than the band gap of the material if the emission process is to occur. During illumination,
the sample will absorb the light, exciting carriers from the valence band into the conduction
band, creating an electron hole pair. The excited carriers will first move to their respective
band edges via electron-phonon relaxation. They can then return to their ground state and
release a photon at a lower energy than the incoming light, which represents the band gap
energy. A series of lenses is used to collected the emitted light and feed it into the entrance
slit of a spectrometer equipped with a liquid nitrogen cooled Si CCD detector. Since the
emitted light wavelength will always be lower than the source light, the source light reflection
can be removed from the analysis via specialized filter optics. The emission light is captured
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by the spectrograph that then disperses the incoming light via a grating onto the detector.
There is a quite a bit of published information on the PL emission energy of silicon quantum
dots correlated with dot size. Theoretical studies of band gap vs size have also been made.
Figure 2.7, prepared by Mark Lusk summarizes some of these reports. The information in
the figure becomes a way to estimate Si-NP size from emission energy. However, it will not
be an exact comparison as the data in the figure represents a band gap calculation, whereas
PL may be detecting defect related emissions, making the Si-NP smaller than it is calculated
here.
Figure 2.7: A diagram illustrating simulated and experimental data correlating Si-NP size
to their emitted band gaps. This can be used to correlate the Si-NP sizes from their PL
emissions. Most of the Si-NPs grown in this experiment range from 1.2 to 1.6 eV. This
diagram was compiled from three different sources [46–48] and also includes unpublished
calculations which are labeled “This Work” [49]. The diagram was prepared by Prof. Mark
Lusk.
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Figure 2.8 gives the simplest and most convincing support of an increase in the band gap
with decreasing size arising from quantum confinement with the Si-NPs; the location of a
signal’s peak corresponds directly to the material’s band gap. The width of the peak also
correlates to how well defined the band gap is, or can be an indication of multiple Si-NP sizes
present. If a Si-NP’s band gap is larger than 1.12 eV, the emission of bulk crystalline silicon,
it is quantum confined. PL thus allows the size and size distribution of the Si-NPs to be
obtained. This technique is used in section 4.2 to identify the trend in Si-NP size change with
nozzle size. The instrument employed for this characterization is a Acton 300i spectrometer
with a Princeton Instruments Spec-10:100BR liquid nitrogen cooled silicon CCD detector
array.
Figure 2.8: A standard PL emission from a Si-NP. While bulk silicon has a band gap of 1.12
eV, the emission (and thus band gap) of the Si-NPs is blue-shifted because it is quantum
confined. The higher the band gap energy, the smaller the Si-NP, while the sharpness
correlates to how defined the band gap is or a distribution of Si-NP sizes in the sample.
2.5 Fourier Transform Infrared Spectroscopy
Fourier Transform Infrared Spectroscopy (FTIR) was used to measure the quantity of
silicon-hydrogen bonds in the experimental samples via a Nicolet 6700. An FTIR illuminates
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a sample with broad band infrared light, commonly from a carbon glow bar. The transmitted
IR signal passes into an interferometer, with the mirror on one leg of the interferometer
moving at a well defined speed. The resulting output of the interferometer hits a detector,
in this case a HgCdTe photo detector. A Fourier transform of the resulting signal provides
a spectrum of the transmitted intensity through the sample as a function of energy in the
IR. (Figure 2.9).
Figure 2.9: A diagram of how an interferometer, essential to Fourier Transform Infrared
Spectroscopy (FTIR), is set up.
Molecules absorb different frequencies of light and will vibrate in a characteristic fashion
depending on their structure. Each molecular vibration will have its own peak location on
the resulting spectrum, and its intensity is dependent on how many molecules are vibrating.
The most common vibrations in the experiments in this thesis were scissoring (two atoms
moving in a back and forth motion above their base atom), and stretching (an atom moving
in and out from its base atom) (Figure 2.10).
19
Figure 2.10: Two main types of molecular vibrations from SiH bonds detected by FTIR for
this thesis. Scissor modes are slower, and involve a back and forth motion of the hydrogens
on top of the silicon, and occurs with two to three hydrogens. Stretch modes involve an
in-and-out motion. These modes can occur with one to three hydrogens.
For small deviations from equilibrium positions in an atomic bond, the bond energies
increase parabolically making vibrations of the atoms analogous to a ball-spring system. This
leads to well defined vibrational energies which are observed in the IR absorption spectrum of
the FTIR. The energies of particular vibrations become finger prints of the atomic makeup of
the material. The crystalline Si-H stretching vibrations, for example, occur near 2100 cm−1.
These frequencies are affected by what the base atom is bonded to from behind (known as
a back-bond). Most of the bonds that were analyzed were back-bonded to silicon. When
silicon is oxidized, however, instead of replacing a hydrogen atom, the oxygen inserts itself
into the silicon-silicon bond behind the silicon-hydrogen bond. Therefore, the two types of
silicon-oxygen related bonds that will be seen are Si-O-Si (back-bonded silicon) and H-Si-O-
Si (a back-bonded silicon-hydrogen molecule). There are several distinct peaks that relate
to the Si-NPs in an FTIR spectrum (Figure 2.11). First, the double peak at 856 and 907
cm−1 are a combination of the SiH2 and SiH3 scissor modes from the Si-NP [50]. The broad
peak at 1050 cm−1 is the main Si-O-Si stretching peak, meaning the sample has oxidized.
Figure 2.12 focuses on the spectrum between 1900 and 2200 cm−1. 2080, 2100, and
2150 cm−1 represent SiH1, SiH2, and SiH3 stretching modes respectively. However, if a
deconvolution is applied, two additional peaks appear on the left and right of the main
peaks. The peak on the right at 2157 cm−1 is the H-Si-O-Si stretch mode, which indicates
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Figure 2.11: A full spectrum FTIR scan of a Si-NP. The most prominent and important
features are silicon-hydrogen related vibrations near 900 and 2100 cm−1.
oxidation. The small peak at 2065 cm−1 is referred to as an ”SiH surface” mode in the
literature [51] and is often seen along side a-Si growth. As will be discussed in the Raman
section, and as seen in TEM [9, 40], Si-NPs are usually grown (albeit unintentionally) with
an a-Si shell. This peak at 2065 cm−1 may be an indication of that shell. Note that these
peak locations may shift within 1 to 2 cm−1.
The IR spectra from conventional a-Si is very simple. It is a single Gaussian curve that
appears at 2000 cm−1. Surface passivated Si-O-Si bonds will appear at 1100 cm−1, albeit
with a slightly sharper angle than the Si-NP variant. The location of the a-Si curve allows
for the analysis of both the a-Si and Si-NPs simultaneously without a significant amount of
interference. However, unlike Raman Spectroscopy or XRD, the most prominent features
of FTIR that are used in this analysis (peaks that arise from 1900 cm−1 to 2400 cm−1) are
hydrogen atoms bonded to silicon, and therefore calculations must be made to extract the
actual amount of silicon atoms in each phase. Also, since traditional c-Si does not have
hydrogen within its structure, FTIR can only measure the hydrogen content on the surface
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Figure 2.12: A deconvolution of an FTIR scan of a Si-NP deposition from 1900 to 2200 cm−1
with an included Gaussian curve of a-Si at 2000 cm−1. Note that what appears to be three
peaks is actually a combination of 6 separate peaks. The four in the middle correspond to
the common SiH vibrations for Si-NPs, while the peak on the right edge is for the H-Si-O-Si,
or oxidized hydrogenated silicon bonds, and the peak on the left edge is an Si-H “surface”
molecule, which could be attributed to a-Si surrounding the Si-NP.
of a Si-NP. While this means that FTIR cannot probe the actual amount of c-Si and a-Si
in a Si-NP, it can provide information about the nature of a Si-NP’s structure, and may
still provide amorphous fraction data that is consistent with the other techniques. Most
importantly, FTIR’s ability to measure hydrogenation in both a-Si and Si-NPs is its primary
function.
2.5.1 Determining the Ratio of a-Si to Si-NPs From IR Absorption
For this calculation, a Si-NP diameter of 4.5 nm is assumed. Although the Si-NPs in
this experiment are grown with an amorphous coating, it will also be assumed that the Si-
NPs are completely crystalline. Finally, to simplify the calculations, it will be assumed that
the Si-NPs are also completely passivated by hydrogen, and that each silicon atom at the
surface of the Si-NP is bonded to one, two, or three hydrogens. This allows for the complete
integrated intensity of the FTIR spectrum at 2000 to 2200 cm−1 to be represented in the
calculation.
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First, the number of silicon-hydrogen bonds in 4.5 nm sphere of a-Si is calculated. Using
the currently-known standard for the number of mols per nm3 in silicon, 8.293×10−22,[52] the
number of atoms in a nm3 can be deduced by multiplying by Avogadro’s number, 6.022×1023,
resulting in 50 atoms per nm3. This aligns with the number of silicon atoms in a unit cell
(8) when divided by the unit cell volume, 0.1601 nm3.
An equivalent volume of a Si-NP with diameter D can be divided by the silicon atom
density, multiplied by the packing ratio difference between a-Si and c-Si, 0.982 [53], and









× 0.982× 0.1 (2.1)
Since Si-NPs have their silicon-hydrogen bonds on the outside of the sphere, a different
calculation was performed. First, the volume of the Si-NP is calculated. Then, an inner shell
with a diameter of D − 2 × 0.235 (silicon’s next nearest neighbor distance for each side) is
subtracted. This leaves a shell of a sphere that is one silicon atom thin. This is divided by


















Dividing equation 2.1 by equation 2.2 results in an a-Si related Si-H stretch mode cor-
rection factor. Multiplying the integrated intensity of the a-Si related Si-H stretching mode
by the correction factor when comparing the integrated intensity of the a-Si related peaks
to the Si-NP related peaks will provide a closer approximation of the amorphous fraction of
a sample from an FTIR spectrum.
2.6 Raman Spectroscopy
Whereas FTIR characterizes the amount of material deposited from the number of Si-H
bonds, Raman can be used to examine the amount of silicon in each phase from lattice vi-
brations. The system used for Raman spectroscopy was a Witec Alpha 300 confocal Raman
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machine. Raman operates by illuminating a sample with a monochromatic light (in this case,
green light at 532 nm). Any scattered light at the same wavelength (Rayleigh scattering)
is filtered out, while light that has been scattered at lower frequencies because of energy
loss through molecular vibrations (Stokes scattering) is collected. Since the bonds between
atoms in different materials have unique vibrational frequencies, each material has a charac-
teristic re-emitted light signature. In the case of silicon, Si-Si bonds in the amorphous and
crystalline phase give rise to different signatures in Raman which can be used to determine
the amorphous fraction in nc-Si. By subtracting a known conventional a-Si curve from a
nc-Si signal, the amount of Si-NPs and a-Si can be roughly estimated.
A Raman spectrum of a pure crystal of silicon will include a single sharp peak at 520
cm−1 because of its long range periodic structure. An a-Si signal will appear as a broad peak
centered at 480 cm−1 and extending to 100 cm−1 (Figure 2.13). The crystalline peak will be
entirely absent from this spectrum.
Figure 2.13: A Raman spectrum for conventional a-Si. Note that a crystalline peak, usually
seen at 520 cm−1, is entirely absent.
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A Raman spectrum from Si-NPs, however, will contain both a-Si and c-Si features (Fig-
ure 2.14). Even in the most crystalline Si-NPs synthesized in this thesis, Raman still detects
a significant a-Si component in the spectrum. Additionally, when the a-Si signal is removed,
what remains is a sharp c-Si peak with a tail trailing out to a lower wavenumber. There has
been much discussion about this phenomenon and there is no exact understanding as of yet,
but hypotheses include quantum confinement, lattice strain, surface states, grain boundaries,
or an additional a-Si component [54]. What is most unfortunate is that the a-Si component
is usually quite large and significantly overlaps the c-Si peak, obfuscating an exact measure-
ment. However, it is possible to distinguish a conventional a-Si from a sample with a very
small amount of c-Si in it, as a combination of the two will always have at least a small
crystalline bump superimposed onto the a-Si signal at 520 cm−1.
Some of the Raman spectra shown below contain a low signal to noise ratio.. This is
because at higher light intensities, laser heating may sinter the Si-NPs occasionally causing
them to combust in air, leaving a patch of highly crystalline silicon behind. The threshold for
SiNP damage was determined by watching the Raman signal while increasing intensity. For
subsequent measurements the laser intensity was held below that intensity. For reasonable
collection times, this often led to noisy signals.
2.7 X-Ray Diffraction
XRD, in the form of a Rigaku D/Max-2000, was used to characterize the Si-NP qual-
ity and size, as well as quantify the amount of a-Si and Si-NPs in a co-deposited sample.
The amorphous content of the Si-NPs determined by x-ray was also calculated and cross
referenced with Raman and FTIR. Finally, XRD is the most reliable way out of the three
techniques used to measure a-Si and Si-NP because it measures Si-Si bonds directly, and
their signal peaks are more distinguishable than from Raman.
XRD works by illuminating a sample with a monochromatic beam of x-ray light of wave-
length λ at an angle θ (Figure 2.15). The atoms in the sample scatter the x-rays, but if the
atoms have a periodic atomic structure and the distance d between each atomic plane sat-
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Figure 2.14: A Raman spectrum for a stand-alone Si-NP deposition. While the characteristic
c-Si peak at 520 cm−1 is clearly visible, there is still a significant a-Si portion to the spectrum.
Additionally, while bulk silicon usually has a single sharp peak at 520 cm−1, if the a-Si signal
is subtracted from the spectrum, a tail will appear to the left of the c-Si signal. This could
be caused by quantum confinement, lattice strain, grain boundaries, or an additional a-Si
component [54].
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isfies the Bragg condition (2d sin θ = nλ), the scattered x-rays will constructively interfere,
creating a maximum at the angle of scattered light. Different materials will have unique
angles at which they reflect the x-rays constructively and will produce different patterns
which can be used to identify them. X-rays are used because their wavelengths are close to
the common distance between atoms in a crystal lattice.
Figure 2.15: A diagram of how XRD is used to characterize a material’s structure and atomic
makeup.
Figure 2.16 depicts an x-ray diffraction pattern for a co-deposited material in which
both c-Si and a-Si peaks are present. For crystalline silicon, there are three distinct and
sharp peaks at 28 degrees (crystal plane 100), and two smaller peaks at 47 (220) and 56
(311) degrees. Peak broadening can occur from a number of different sources such as grain
boundaries, dislocations, lattice strain, and most importantly sub-micrometer crystallites
[55]. Applying the Scherrer equation to a peak’s width allows for an estimation of the






where τ is the Si-NP size, K is the shape factor (usually 0.94) and β is the half width at
half maximum (HWHM).
Figure 2.16: A deconvolution of an XRD spectra for a co-deposited material. The orange
curve is a fit taken from a conventional a-Si sample. This curve will be normalized to fit the
intensity of the sample at 38 degrees. The blue curve is the crystalline portion, attributed to
the Si-NPs which comprises the 111, 220, and 311 crystalline planes. When the conventional
a-Si fit and the crystalline peaks are removed, two additional peaks remain that are centered
around 28 and 52 degrees (green). These peaks will be attributed to a shell of a-Si around
the Si-NPs, as they are present in all the Si-NP XRD spectra, have similar peak locations
to a-Si, but do not have the characteristic intensity at 38 degrees that are included in a
conventional a-Si spectrum.
Materials that have no periodic structure, such as a-Si, still have a signal because there
is a characteristic bond length between the atoms, however, the signal is usually very broad
and low in intensity. A conventional a-Si signal will contain broad peaks at around 28 and
52 degrees, as well as an additional very broad peak at around 38 degrees. A conventional
a-Si fit can be normalized to the intensity of a sample at 38 degrees and subtracted from
a raw spectrum to leave only the Si-NP features behind. However, for the both the Si-NP
and co-deposited samples described later, in addition to the three crystalline peaks, there
remains two broad peaks at 28 and 52 degrees. Since these two peaks share commonality
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with a conventional a-Si spectrum, but do not contain the continuous signal that extends
between the two peaks, resulting in a signal at 38 degrees, they will be attributed to an




Each of the two materials have specific environments that are needed in order to grow
high quality material. Since the optimal growth parameters for growing excellent a-Si are
known, they will remain fixed. When growing Si-NPs, it is possible to change the size,
density, and growth rate by changing the environment in which they are created.
3.1 Amorphous Silicon Growth
Intrinsic a-Si was used in this thesis as a matrix for the Si-NPs to be deposited into. Pure
Si-NPs deposited on a substrate are commonly not compact enough, and spaces in between
the Si-NPs allow for rapid oxidation that would hamper device performance significantly.
The a-Si protects the Si-NPs, as well as being an effective collector of light for use in solar
cells. The Si-NPs synergize with the a-Si by allowing for rapid light quenching, decreasing
the Staebler-Wronski effect, and more efficient transfer of energy out of a device. While
more complicated matrices, such doped a-Si, silicon nitride, silicon carbide, or alloys that
don’t involve silicon, can be used in other applications, intrinsic a-Si was used because of
its simplicity, availability, and the fact that it has already been experimentally optimized by
previous researchers. This allowed for the a-Si growth environment be kept at a constant for
all experiments involving a-Si.
a-Si growth requires a chamber that can be pumped down to base pressures at or be-
low 10−6 Torr in order to reduce impurities in the chamber before deposition. The sub-
strate is heated up to 200 ◦C, which balances defect density (higher at lower temperatures
(Figure 3.1(a))) [57], hydrogen concentration (locally minimized at 250◦C (Figure 3.1(a))),
conductivity (higher at higher temperatures) [58], and deposition rate (higher at higher
temperatures) [20]. For the system used in this thesis, 20 sccm of pure silane precursor gas
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was enough for the plasma to not be starved of material, and instead, kinetics became the
limiting growth factor.
Figure 3.1: Effects of temperature and RF power on hydrogen content and defect density.
Note that 200 ◦C and low RF power results in the lowest defect density. Image from [16].
Increasing deposition chamber pressure will increase the a-Si growth rate, but must be
kept in a regime that allows for a stable RF plasma, usually above 100 mTorr. Growth
pressure for the work presented here will be fixed at 500 mTorr. Higher pressures risk
depositing material too quickly, resulting in more defects [14]. The plasma is struck by a
brief high-power emission of the RF electrode, usually around 2-5 Watts. The plasma is then
brought to the lowest possible power to minimize defect density, around 1 Watt (Figure 3.1
(b)). These deposition variables allow for a growth rate of 8 nm/m and high quality material.
3.2 Silicon Nanoparticle Growth
A large portion of the experiments for this thesis were focused on obtaining growth
procedures that will allow for accurate and predictable size control of Si-NPs. With this
knowledge, electronic devices can be made with multiple layers of differing Si-NP sizes and
band gaps while utilizing only one material. Previous experiments have demonstrated that
changing the SANPR’s chamber pressure and flow rate would alter the Si-NP size [22].
However, this is not an effective strategy for a simultaneous, dual zone growth system,
where the deposition rate control needs to be independent of Si-NP size, and the deposition
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chamber must be fixed for optimal a-Si growth. Adding a nozzle to the end of the reactor
tube isolates the Si-NP reaction zone from the a-Si growth zone, as well as allowing for
control of the reaction zone pressure (by selecting specific nozzle sizes), and thus the Si-NP
size, without changing the flow rate.
Many of the growth parameters for Si-NPs have been described in greater detail elsewhere
[22, 36], but will be explained briefly here. During growth with the SANPR without a nozzle,
as the flow rate of the precursor gas increased, the size and crystallinity of the Si-NPs
decreased Figure 3.2. As the pressure increased, the size and crystallinity of the Si-NPs also
increased. It was determined that the pressure and flow rate in the chamber both affected
the ”residence time,” which is the time the silane and the newly formed Si-NPs spend inside
the plasma before being deposited onto a substrate. Basic fluid dynamics modeling was done
to determine residence time as a function of flow and pressure. Figure 3.2 shows curves of
constant residence time, in milliseconds, for the SANPR.
Figure 3.2: Studies of Si-NP crystallinity and size as a function of gas flow and reactor
pressure. The colored lines and numbers represent simulated residence time in milliseconds.
Image provided by Chito Kendrick.
The pressure in the reactor was adjusted by the throttle valve between the chamber and
pump during growth. By altering the chamber pressure it was possible to modify the Si-NP
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sizes without changing the flow rate. It is also important to note that Anderson, et. al.
have studied how changing the RF power affects Si-NP quality. Their research demonstrates
that as the power is increased, the crystallinity of the Si-NPs also increases [9]. However,
as discussed in section 3.2.1, there are limits as to how high the power can be while still
allowing Si-NP growth.
3.2.1 Flow Rate and Plasma Geometry
During Si-NP growth, there are specific optimal geometries for an RF plasma in the
SANPR. When the electrodes are centered, a low power (under 80 Watts) is used, and/or
high flow rates are selected (above 10 sccm), the plasma emanates from the powered copper
electrode, directed towards the grounded copper electrode, creating a ”flame-like” cone of
plasma that is favorable for Si-NP growth Figure 3.3 (a). When the electrodes are moved too
close to a flange, power is increased, or the flow rate is decreased, the plasma may connect
to the upstream flange Figure 3.3 (b) or extend into the deposition chamber Figure 3.3
(c), which are both grounded, depending on which flange is closest to the powered electrode.
Such plasma geometries result in no Si-NP growth, but whether this is an effect of the plasma
depositing material in random directions, a residence time that is inhospitable for growth, or
the plasma burning material off the samples after deposition is unknown. This phenomenon
places limits on the range of flows and powers that are available for Si-NP deposition control.
Fortunately, the ranges that allow for Si-NP growth were within the flow rates and powers
used in the thesis. For future experiments, these limits can be overcome by using a longer
quartz tube, as the plasma will have farther to travel to couple to the upstream flange or
chamber.
In the Si-NP portion of the dual zone reactor, flow rates of from 60 to 150 sccm created
favorable growth conditions with 50 Watts of power. Flow rates under 60 sccm would result
in the plasma either coupling upstream or extending into the main deposition chamber,
resulting in no growth. The higher the flow rate used, the more the plasma was compressed
between the two copper electrodes. The experiments in this thesis were limited by the
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Figure 3.3: Growth / no-growth plasma geometries with respect to the SANPR. When the
plasma takes a “flame-like” appearance (a), Si-NPs will grow. If the plasma is coupled to the
upstream flange (b) or chamber (c), no growth occurs. A similar phenomenon also occurred
in the Si-NP growth zone of the dual zone reactor.
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mass flow controller’s maximum flow rate of 200 sccm. It is likely that higher flow rates still
create Si-NPs, but whether or not there is a maximum flow rate where the plasma eventually
extinguishes is unknown.
3.2.2 RF Power and Clamp Width
From the discussions above, it has been demonstrated that a number of Si-NP growth pa-
rameters can effect size, crystallinity, and amount of material produced. Since the emphasis
of this thesis was on minimizing the coupling between flow rates and pressures in the Si-NP
reactor and a-Si growth chamber, the RF powers in the Si-NP reactors were held constant.
For the purposes of this thesis, a power of 80 Watts was used for SANPR growth and 50
Watts was used for co-deposition growth. While 80 Watts would have been preferred for
both, 50 Watts was used in the co-deposition because at any higher power, the flows required
for desired Si-NP deposition rates caused upstream plasma coupling. This was likely because
the distance to the upstream flange in the dual zone reactor was smaller than in the SANPR.
The part of the copper electrodes that clamp onto the quartz tube of the Si-NP reactors
had a semicircular cross section (Figure 3.4). If the semicircles were not clamped tightly, a
lower effective power density would be sent to the plasma. By using the knowledge of how
flow rate affects the plasma coupling at certain power ratings, discussed in section 3.2.1, the
effective plasma power for clamp distances could be extrapolated. First, the clamps were
closed all the way, and the flow rates that caused the plasma to change coupling location were
noted. This was done for powers of 80 to 50 Watts in 10 Watt increments. The experiment
was repeated, but instead of lowering the power, it was kept at 80 Watts, and the clamps
were spaced apart instead. At 1 mm, the power was equivalent to 70 Watts, at 2 mm, 60
Watts and at 4 mm, 50 Watts. In order to keep consistency between experiments, the clamps
were fully closed and a power of 50 Watts was chosen to allow for a large range of flow rates.
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Figure 3.4: A diagram showing the different clamp distances that affect the effective power
going to the plasma.
3.3 Adding a Nozzle to Si-NP Reactor
Previously, the common procedure to control the size of the Si-NPs was to change the
flow rate of the precursor gas. While this is sufficient for growing stand alone Si-NPs, it
is undesirable for a co-deposited material in which the crystalline fraction is dependent on
deposition rate. One way of controlling Si-NP size changing using flow rate was to add
precursor gases such as sulfur hexafluoride, a silicon enchant [59]. However, the electronic
characteristics of the Si-NP may change with the inclusion of another chemical species.
Adjusting the deposition chamber pressure for Si-NP size control is also undesirable for co-
deposition; growing a-Si requires a constant chamber pressure of 500 mTorr for good quality
material. Adding a nozzle to the end of the Si-NP deposition tube and modifying the slit
size is an effective alternative to these methods. The nozzle will isolate the pressure in the
reaction zone, as well as accelerating the Si-NPs towards the sample.
The nozzle was a 0.1 mm thick stainless steel circle, 9 mm in diameter with a 5 mm long
rectangular slit cut through the middle (Figure 3.5). It was adhered to the end of the quartz
tube via Aremco-bond 526N. The nozzle size, which will be referred to frequently throughout
this thesis, was the height of the slit. To change nozzle sizes for growth, the reaction tube
had to be replaced with another tube with the desired nozzle adhered to it. Sizes of 0.1, 0.3,
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0.5, 0.7, and 0.9 mm were chosen for the experiments. 0.1 mm seemed to be the smallest
possible width for the nozzle: there were several complications to using this size nozzle, such
as pressure build-up behind the nozzle causing the epoxy to crack, and a large deposition of
Si-NPs on the outside face of the nozzle as they began to build up around the exit. These
problems were less pronounced with the larger nozzle sizes. Naturally, the deposition rate
of the Si-NPs will increase as the nozzle size decreases because of a higher output velocity
from the nozzle from a non-zero flow rate.
Figure 3.5: An illustration of the nozzle that is adhered to the end of the SANPR tube.
Five nozzles with slit heights from 0.1 to 0.9 mm in increments of 0.2 mm were used for the
experiments in this thesis.
Measurements of how the flow rate affected the pressure in separate locations were ex-
amined. The SANPR had three areas for pressure measurement: a baratron around 1 m
upstream of the reaction area, a convectron gauge attached to the deposition chamber, and
another convectron gauge near the entrance to the pump (foreline). The pressure was taken
at each location for flow rates of 0 to 200 sccm in increments of 10 sccm for three different
nozzle sizes (Figure 3.6). Pressure as a function of flow in the chamber and foreline were inde-
pendent of nozzle size. The upstream pressure vs flow curve, however, changed significantly
when the nozzle size changed (Figure 3.9). The foreline and chamber were downstream of
the nozzle. This was the first indication that a nozzle at the end of the Si-NP reactor in the
co-deposition system would isolate the upstream Si-NP growth zone from the a-Si deposition
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chamber which is down stream of the nozzle.
Figure 3.6: Pressure to flow ratio of the precursor gas in the SANPRs deposition chamber
and foreline. Note that all nozzle sizes, including the “no nozzle” curve, are similar, meaning
the chamber pressure is unaffected by the reactor zone pressure.
The shape of this line is most likely due to a variation in pump speed with pressure.
Figure 3.7 is a pumping speed vs pressure curve obtained from the pump manufacturer’s
website [60]. When the mass flow of the system is compared to the outgoing mass flow
from the pump (corrected for pressure) seen in Figure 3.8, similar curvatures can be found
between the two systems, which parallel the flow to pressure curves in the chamber when
swapped across the x-y line.
Next, the reactor zone pressure was measured for multiple nozzle sizes at flow rates from
0 to 200 sccm (Figure 3.9). This pressure was measured at around 1 m upstream from the
deposition area. This distance means the pressure in the deposition zone will be lower than
what was recorded upstream. While the curvature of these lines are similar to the data from
Figure 3.6, simulation data (explained later) reveals that these curves arise from a change in
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Figure 3.7: Pumping speed to pressure curve for the IDP-15 scroll pump. The pump used
in this experiment had a speed of 60 Hz.
Figure 3.8: The pumping speed compared to the mass flow for the system used in this
experiment. Note that both lines have similar curvatures.
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density as the increase in flow rate affects the pressure in the tube. The curves are unaffected
by the downstream chamber pressure, as long as it is lower than the reaction zone pressure.
This will be an important factor for allowing optimized simultaneous deposition of material.
Figure 3.9: Pressure to flow ratio of dilute silane upstream of the SANPR’s reaction zone (1
m before). Here, the pressure to flow rates are changed significantly with nozzle size. The
black line at the bottom is the chamber pressure seen in Figure 3.6, and is much lower than
all other lines.
Also note that as the nozzle size increases, the pressure vs flow curves converge towards
the ”no nozzle” line. This is fortunate, since it may be desirable to accelerate the Si-NPs
at a substrate while still having the lowest pressure possible. It also suggests that there is a




STAND ALONE SILICON NANOPARTICLE GROWTH WITH NOZZLE
An array of tubes fitted with different nozzle sizes were used to deposit Si-NPs. For each
nozzle, a range of flow rates were used. The crystallinity and size of the resulting Si-NPs were
then compared using three separate characterization techniques. This sets the groundwork
for the co-deposition of a-Si and Si-NPs, presented in Chapter 5.
4.1 Experimental Setup
A set of experiments were conducted in the SANPR in order to understand how the
nozzle size and precursor gas flow rate affected the properties of the Si-NPs. Five nozzles
with sizes of 0.1, 0.3, 0.5, 0.7, and 0.9 mm were adhered to five separate quartz tubes used
for growth. For tubes with nozzle sizes of 0.1, 0.3, and 0.5 mm, precursor gas flow rates of
50, 100, and 150 sccm were implemented. For 0.7 mm, only 100 and 150 sccms were used
because 50 sccm caused the plasma to couple into the chamber, resulting in no growth. For
0.9 mm, 120 and 150 sccm were used for the same reason. This resulted in a total of 13
growths.
Two substrates, a bulk crystalline silicon wafer and a glass microscope slide, were placed
side by side, 5 mm from the nozzle. Growth on the silicon wafer was used in FTIR, XRD,
and PL, whereas the glass was used for Raman. The fixed variables for this experiment were
the RF power, 80 Watts, the throttle valve position, 100% open, and the growth time, 20
”sweeps”. A sweep consisted of the sample being moved up and down over the exit of the
nozzle for the span of 2 seconds, creating a compact ribbon-shaped deposition of Si-NPs
on the substrate (see ”Solid Substrate” in Figure 2.1). Since the sweep involved manual
movement of a linear motion feedthrough, the timing and length of the motion, and hence
deposition rate and thickness, was not the same for each sample. The focus, however, was on
the Si-NP size and crystallinity, and sample thickness was not expected to effect the results.
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The stand-alone Si-NPs were characterized with PL, Raman, XRD, and FTIR. PL and XRD
allows for the deduction of Si-NP size, Raman and XRD analyses the crystalline content, and
FTIR allows for analysis of the hydrogen content, which also indirectly measures crystalline
fraction.
4.2 Results and Discussion
Figure 4.1 illustrates PL spectra for two samples grown with nozzle sizes of 0.3 mm
(orange) and 0.9 mm (purple). 0.1 mm was not chosen to be shown because the PL data was
at higher wavelengths than the detector was capable of measuring (much like 0.3 mm 150
sccm sample seen in the figure). The shortest wavelength emission in all thirteen samples
was from the 0.9 mm, 120 sccm sample, with a peak location of 800 nm (1.55 eV). The 150
sccm sample of the 0.9 mm nozzle has a peak at about 850 nm (1.48 eV). As with all of the
Si-NP PL spectra, these peaks are quite wide. This could be caused by a wide distribution
in Si-NP sizes, or the effects of confinement on the crystalline silicon lattice [28]. The three
samples grown with the 0.3 mm nozzle, depicted in shades of orange, are clustered more
towards the right of the graph, at longer wavelengths. In agreement with growth using the
0.9 mm nozzle, lower flow rates led to increased emission wavelength. The 150 sccm sample’s
peak is lost in the edge of the detection limit, but it is assumed that these Si-NPs are very
close to bulk silicon and not confined. Again, the peaks are broad, especially the 0.3 mm, 50
sccm data which contains a peculiar tail towards 900 nm, which again, may be a component
of larger Si-NPs in the distribution.
All of the PL peaks were fitted and the maximum intensity from each sample were
plotted on a separate graph for easier viewing. Figure 4.2 shows the dependence of peak PL
wavelength on nozzle size and flow rate. The nozzle size increases vertically on the y-axis,
whereas the PL wavelength and energy are displayed on the x-axis. The flow rate for each
nozzle size is denoted by the data point symbol; an empty symbol is 50 sccm, half full is 100
sccm, and completely full is 150 sccm. Note that because of unfavorable plasma coupling,
the 0.7 and 0.9 mm nozzles do not have a 50 sccm, and the 0.9 mm half full point is 120
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Figure 4.1: A selection of PL spectra from 5 different samples. The purple curves are from
samples made with a 0.9 mm nozzle, while the orange spectra are from a 0.3 mm nozzle. The
darker colors indicate higher flow rates. Energy levels higher than 1.12 eV are associated
with quantum confined Si-NPs. The higher the energy, the smaller the Si-NP. Generally, the
larger the nozzle, the higher the PL energy. Note that with higher the flow rates for a given
nozzle, the PL peaks blue shift.
instead of 100 sccm. Table 4.1 shows the sizes of the Si-NPs when the emission energy is
compared to the graph in Figure 2.7. The sizes ranged from 10 to 4.5 nm. The PL of
bulk silicon is 1.12 eV, and any emission above that energy level indicates quantum confined
Si-NPs [28, 29].
It is apparent from Figure 4.2 that both nozzle size and flow rate affect the Si-NP size.
In order to calculate the effect of flow rate on the size, the increase in emission wavelength
as a function of flow rate was averaged for each nozzle size. This resulted in a shift of 29
nm for every 50 sccm. Alternatively, to calculate how the nozzle changes size, the emission
wavelengths for each nozzle were averaged and compared. This resulted in a 57 nm shift for
every 0.2 mm. In order to create Si-NPs of a desired size, first consideration should be a
nozzle size. Once a flow rate is selected for Si-NP fraction (discussed later), there may need
to be a adjustment in nozzle size to achieve the original desired Si-NP size.
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Figure 4.2: PL peak locations from the 13 different Si-NPs samples. Nozzle size is on the
Y-axis, while wavelength emission is on the X-axis. The flow rate for each nozzle size is
denoted in the data point symbol; empty is 50 sccm, half full is 100 sccm, and completely
full is 150 sccm. Note that because of unfavorable plasma coupling, the 0.7 and 0.9 mm
nozzles do not have a 50 sccm, and the 0.9 mm half full point is 120 instead of 100 sccm.
The maximum deviation in Si-NP energy caused by flow rate was 9% (0.3 mm nozzle), while
the average deviation was 6%.
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Table 4.1: Diameters of the Si-NP when their emission energy is correlated to size from




0.1 mm 50 sccm 9
0.1 mm 100 sccm 9
0.1 mm 150 sccm 9
0.3 mm 50 sccm 8
0.3 mm 100 sccm 8.5
0.3 mm 150 sccm 10
0.5 mm 50 sccm 5
0.5 mm 100 sccm 6
0.5 mm 150 sccm 6
0.7 mm 100 sccm 4.5
0.7 mm 150 sccm 5.5
0.9 mm 120 sccm 4
0.9 mm 150 sccm 5
XRD time was limited for this experiment, so only a few samples could be chosen. It
was decided to characterize the extremes of the nozzle sizes with the median flow rate to
understand how crystallinity may change with nozzle size. Figure 4.3 illustrates XRD for 4
different nozzle sizes, with flow rates of 100 sccm for 0.1, 0.3, and 0.7 mm, and 120 sccm for
0.9 mm. The crystalline silicon peaks (normally seen at 28, 47, and 57 degrees) are visible in
all spectra, however, there is a distinct broadening of the peaks as the nozzle size increases.
The most telling of these is the full width at half maximum (FWHM) of the peak at 28
degrees for each sample. This broadening of the peaks is caused by quantum confinement,
and can be utilized in the Scherrer equation to determine Si-NP size.
The presence of a-Si in the Si-NPs is seen from broad peaks centered at 25 and 52 degrees.
This creates a low angle shoulder on the crystalline 111 peak and a rise between the 220
and 311 peaks. The three crystalline peaks and the two amorphous peaks can be fitted with
Gaussian curves, and when the integrated intensity of their sums are compared, a crystalline
fraction can be deduced. For the four samples in Figure 4.3, the crystalline fraction of the
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Figure 4.3: XRD of four samples grown at 100 sccm for four different nozzle sizes. Note the
prominent crystalline silicon peaks at 28, 47, and 56 degrees for all nozzles. This indicates
that the Si-NPs contain crystalline silicon. A significant indicator of a-Si fraction is a lift
between the two 220 and 311 peaks, at around 52 degrees, as well as the increase in size of
the left shoulder of the 111 peak. Note that the FWHM of the 111 peak increases as the size
of the Si-NP decreases, which is consistent with the Scherrer equation.
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Si-NPs decreases with size (deduced by PL and the Scherrer equation), which is concurrent
with previous data [22]. In Figure 4.4, the crystalline peaks are denoted in blue, while the
amorphous peaks are shown in green. The first three samples (a), (b), and (c), are fairly
similar in amorphous fraction, each at about 30% (full details shown in Table 4.3). However,
(d), which is the smallest and least crystalline, contains a conventional a-Si curve. This
is denoted by the rise in the raw (red) curve at 38 degrees, which, mentioned in section
2.7, only appears when conventional a-Si is present, and cannot be fit with using only the
blue and green curves. Thus sample (d) must be fitted by using the c-Si (blue), Si-NP a-Si
(green), and a conventional a-Si curve (orange). FTIR (shown later) does not detect an
amorphous signal for sample (d), meaning that this a-Si is not hydrogenated. It is likely
that this is unpassivated a-Si, which makes it very vulnerable to oxidation or defect states.
It is also possible that it could be useful for connecting to an a-Si matrix, as the bonds are
not passivated, but it is unknown whether this a-Si is on the surface or on the interior of the
amorphous shell.
Scherrer equation was performed on only the blue curve for each sample (Table 4.2). If
implemented on the red curve, the 0.9 mm sample results in a much smaller Si-NP of 1.92
nm. Most of the sizes obtained through the Scherrer equation here are far smaller than what
was obtained through PL. If PL, and the size inferred from Figure 4.2 is assumed correct,
the Si-NP diameters should range from 9 to 4 nm from the largest to smallest Si-NP for
these specific samples. Instead, the XRD values are a bit over half of those from PL. This
error is systematic, however, as the Si-NP sizes obtained from the Scherrer equation can be
multiplied by 1.7 to get very close to the sizes deduced from the PL correlations.
FTIR was used to find the amount of silicon-hydrogen bonds on the surface of the stand-
alone Si-NPs. Figure 4.5 displays the infrared absorption spectra for separate depositions.
Spectra for samples grown with the same nozzle size are grouped together. Changes in
flow rate for a given nozzle are designated by lighter colors. All Si-NP samples have a
characteristic peak at 2100 cm−1 and lack the amorphous peak typically seen at 2000 cm−1.
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Figure 4.4: A deconvolution of the four XRD samples from Figure 4.3. Note that each
sample has a crystalline (blue) component and an a-Si (green) component. However, a
common XRD spectra for conventional a-Si contains a rise in intensity at 38 degrees. This
rise is not present in spectrum (a), (b), or (c), but does appear in spectrum (d), allowing it to
be fit with a conventional a-Si curve (orange). This suggests that the amorphous shell found
on the Si-NPs grown in this thesis is characteristically different from common, conventional
a-Si, but can appear on the Si-NPs under certain circumstances. The FWHM of the blue
111 peak is used for the Scherrer equation.
Table 4.2: Scherrer equation applied to the stand-alone Si-NP samples from XRD. The
FWHMs were taken from the c-Si (blue) Gaussian fits, as they contained less noise and also
provided a more accurate Si-NP size for sample (d).
Sample
Scherrer Eq.: PL: Si-NP
Deviation
FWHM
Si-NP Size (nm) Size (nm) (degrees)
0.1 mm 100 sccm 4.92 9 1.83 1.7
0.3 mm 100 sccm 4.28 8.5 1.99 2.0
0.7 mm 100 sccm 3.31 4.5 1.36 2.6
0.9 mm 120 sccm 2.44 4 1.64 3.5
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However, Raman and XRD both show signs of amorphous content. It is possible that
this amorphous layer is either not passivated with hydrogen or has a different structure
from conventional a-Si (as noted in XRD) and is instead included in the crystalline signal.
Certainly, the crystalline portion of the Si-NPs is well hydrogenated for all nozzle sizes and
flow rates [61, 62]. When focusing on the 2100 cm−1 peaks, there is a noticeable shift in
intensity from the SiH1 and SiH2 peaks to the SiH3 peaks during a decrease in flow rate.
While this shift is definitely noticeable at the lower nozzle sizes, its impact on the geometry
of the Si-NPs is unknown, but could be a change in surface facets.
Figure 4.5: FTIR of all nozzle sizes and flow rates. The most important feature here is the
silicon hydride peak at 2100 cm−1. This peak consists of SiH1, SiH2, and SiH3 stretch modes
from left to right. With large nozzle sizes, there is little variation in the shape of the SiH
stretch band as a function of flow. However, with a decrease in flow rate, especially at smaller
nozzles, a change in the SiH3 stretch can be seen, with the 0.1 mm nozzles having more and
the 0.5 mm nozzle having less. This may indicate a change in Si-NP surface geometry. Also
note that a peak at 2000 cm−1, usually present in a-Si, is absent from all of these samples.
The 0.3 mm sample has a large Si-O-Si peak at 1050 cm−1 because characterization for it
occurred a few days after deposition.
A deconvolution of each 2100 cm−1 peak is show in Figure 4.6. Since XRD and Raman
show an a-Si component in the Si-NPs, it was worth determining if a similar signal is present
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in an IR spectra. XRD suggests that there was a separate and distinct amorphous component
to the Si-NPs, therefore the signal might be found in the peaks arising from the crystalline
phase of the material. In the literature, the light blue peak at 2060 cm−1 is known as
“surface state” hydrogenated silicon, and was attributed to amorphous material [51]. If this
is assumed to be an amorphous peak for the purposes of calculating the amorphous fraction,
a trend appears where the FTIR’s amorphous fraction for each sample is close to half that
calculated from XRD. The relative intensity of this peak does not change significantly for
any of the samples, suggesting that the amorphous fraction stays relatively constant for
each nozzle and flow rate. Most of the change in the intensities occur in the SiH3 or H-
Si-O-Si signals. Generally, the SiH2 peak dominates in each sample, followed by the SiH1
and SiH3. The calculations for crystallinity are shown in Table 4.3. These calculations do
not use the Si-H to Si-Si transformation calculations mentioned earlier because they are not
being compared to bulk a-Si. Instead, the integrated intensity of the light blue line is being
compared to the sum of the integrated intensities for rest of the curves.
Figure 4.7 displays Raman characterization for all nozzles and flow rates. While Raman
is notorious for having difficulties accurately determining the amorphous and crystalline
fractions of Si-NPs [63], it is the fastest characterization technique of the three in this
thesis. As with FTIR and XRD, all of the samples display both a crystalline and amorphous
component. From XRD it is known that the smaller three nozzle sizes (0.1, 0.3, and 0.7
mm) have an amorphous component that is different from conventional a-Si. However, it is
difficult to differentiate the two types of amorphous in the Raman data, especially between
the 0.7 and 0.9 mm nozzles, which adds to the difficulty in separating the two when analyzing
the co-deposited samples.
Larger nozzle sizes (smaller Si-NPs) generally create Si-NPs with more amorphous content
(a broad peak at 480 cm−1). For smaller nozzle sizes, an increase in flow rate creates more
amorphous material, as seen in the darker lines in the 0.1 and 0.3 mm depositions. However,
as the nozzle size increases, the trend reverses and an increase in flow rate results in more
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Figure 4.6: A deconvolution of four different IR absorption spectra. These particular spectra
were chosen to reflect those characterized with XRD. Notice the light blue curve on the very
left does not change in intensity for any sample, and most of the change is coming from
the SiH3 (pink) or H-Si-O-Si (purple) peaks. Generally, the SiH2 (green and orange) peak
dominates in each sample, followed by the SiHH1 (dark blue) and SiH3.
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crystalline material as seen in 0.7 and 0.9 mm. The transition between these two regimes is
seen in the 0.5 mm nozzle, where the crystallinity remains relatively the same for all flow
rates.
Figure 4.7: Raman spectra of Si-NP depositions for all nozzle sizes. As with the FTIR
spectra, the nozzles move from smallest to largest, top to bottom. The lighter colors represent
lower flow rates. Generally, smaller nozzle sizes (larger Si-NPs) are more crystalline than
the larger nozzles. At higher flow rates, Si-NPs prepared with smaller nozzles exhibit an
increase in amorphous content, but for larger nozzles, the higher flow rates seem to increase
the crystallinity instead.
Figure 4.8 is a series of deconvolutions for samples that have also been analyzed by FTIR
and XRD. Each sample has an appreciable amorphous signal (blue), however, when the
peak is centered at 480 cm−1, it does not account for the entirety of the signal at 500 cm−1.
This leaves a crystalline peak (in black), that has a significant trailing edge out to about 475
cm−1. While the amorphous signal extends all the way to 200 cm−1 (LO/LA modes, in green
and orange), including these in the calculations would only make the amorphous fraction
larger, where it is already appreciably larger than the amorphous fractions calculated from
the FTIR and XRD spectra. Therefore, when calculating the amorphous fraction, the a-Si
TO curve (blue) will be compared to the integrated intensity of the crystalline subtraction
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from 475 to 550 cm−1 (black). The green and orange curves are only utilized to assist in the
correct fit for the blue curve.
Figure 4.8: A deconvolution of four different Raman spectrums. Notice the large tail out to
475 cm−1 that is present in all the c-Si subtractions. Since the LO and LA modes do not
account for Raman shifts below 200 cm−1, the c-Si subtraction has a rise in that location.
This rise was not factored into the amorphous fraction calculation.
The crystallinity for each sample was calculated by integrating the intensities of the
crystalline and amorphous components. When both a-Si and c-Si integrated intensities






Where Ia−Si and Ic−Si are the integrated intensity of the a-Si and c-Si curves respectively.
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Figure 4.9 illustrates the result for amorphous fraction calculations for each characteri-
zation technique on all nozzles and flow rates, while Table 4.3 displays the actual numerical
values. Estimates from IR absorption spectra give amorphous fractions averaging 15.3%
with a standard deviation of 2.1%, XRD averages 29.8% with a standard deviation of 2.3%,
and Raman averages 66.8%, with a standard deviation of 9.9%.
Figure 4.9: Amorphous fraction calculation for all nozzles and flow rates for stand alone Si-
NPs using the three characterization techniques. FTIR gives amorphous fractions averaging
15.3% with a standard deviation of 2.1%, XRD averages 29.8% with a standard deviation of
2.3%, and Raman averages 66.8%, with a standard deviation of 9.9%.
4.3 COMSOL Simulations
In order to understand, and potentially predict, how flow rates affect the pressures in both
the chamber and reactor in the SANPR, the system was recreated in COMSOL multiphysics
TM. The simple model included the quartz tube that functions as the reaction zone, the
chamber where the deposition occurs, and the exit that leads to the pump. Between the
54
Table 4.3: Numerical values for the amorphous fractions from stand alone Si-NPs as seen
in Figure 4.9. Note that the 0.9 mm 120 sccm XRD sample removes the conventional a-Si
signal seen in the spectrum and only calculates the a-Si from the Si-NP signal.
Si-NPs a-Si Fraction (%)
Sample FTIR XRD Raman
0.1 mm 50 sccm 16.2 46.2
0.1 mm 100 sccm 15.9 29.0 57.5
0.1 mm 150 sccm 18.7 78.8
0.3 mm 50 sccm 15.0 61.9
0.3 mm 100 sccm 12.5 27.2 57.5
0.3 mm 150 sccm 11.9 85.0
0.5 mm 50 sccm 14.5 69.5
0.5 mm 100 sccm 13.9 62.6
0.5 mm 150 sccm 13.9 71.3
0.7 mm 100 sccm 15.7 30.4 69.9
0.7 mm 150 sccm 13.7 67.3
0.9 mm 120 sccm 16.1 *32.6 70.9
quartz tube and the chamber was a rectangular box, 0.1 mm thick x 5 mm wide functioned
as the opening in the nozzle, and its height could be adjusted to simulate a change in nozzle
size (Figure 4.10). The input was set to flow rates between 10 and 200 sccm at intervals of
10 sccm, while the output was set to the pressure in the foreline of the experimental chamber
for each flow rate (Figure 3.6).
The results from this simulation are compared to experimental values in Figure 4.11. A
few nozzle sizes are omitted for clarity. In this figure, the dotted lines are from the simulation
and the solid lines are experimental results (Figure 3.9). Both of the lines exhibit negative
curvature as the flow rate increases, however, the simulated lines curve more dramatically.
The different curvature of the experimental lines could be caused from a number of issues:
while the simulation assumes the gas is ideal and laminar, the experiment may have tur-
bulence and the pressure monitor is 1 m away instead of inside the reaction zone. Since
the experiment and simulation were both done with argon, the presence of Si-NPs nor the
plasma was not factored in, although in growth, these will be other variables that need to
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Figure 4.10: A simple model of the SANPR recreated in COMSOL for simulation purposes.
The model includes the quartz tube where the reaction occurs, a small rectangular box that
functions as a nozzle, the deposition chamber, and the outlet to the vacuum pump. The
inlet variable is gas flow, which is varied from 10 to 200 sccm at intervals of 10 sccm, while
the output is pressure that is read from experiment (Figure 3.6).
be considered for more precise simulations. Another major issue is that while most of the
simulated data follows the experimental data reasonably well, the “No Nozzle” simulation
data returns a pressure that is significantly lower than that of experimental. The cause for
this is unknown.
One of the assumptions that was originally made is that the curvature of the simulated
pressure vs flow line was caused by the curvature of the experimental data used set the output
(foreline) pressure in the calculation. However, this curvature appears in the reaction zone
regardless of the shape or magnitude of the output pressure, as long as the output pressure
remains below the reactor zone pressure. The curvature of the lines can be removed, creating
straight lines from the origin, if the density of the gas is assumed to be constant, instead of
reacting properly to the change in pressure. It is difficult to explain the curvatures of these
lines in terms of a simple formula in part because this is a fairly complex system involving
compressible flow and two different head loss geometries (orifice plate and change in tube
size).
56
Figure 4.11: A comparison between different nozzle sizes for experimental (solid) (Figure 3.9)
and simulated (dotted) flow rates. The simulation seems to have more curvature to the
lines than the experimental, but the relationship between the curves is similar. One major
difference is that the “no nozzle” line in experimental is close to the 0.7 mm line, whereas
in the simulation, the pressure is much lower.
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CHAPTER 5
CO-DEPOSITION OF AMORPHOUS SILICON AND SILICON NANOPARTICLES
WITH 0.5 MM NOZZLE
While dual growth of the two materials has been studied before [10, 40], the ability to
grow optimized a-Si and Si-NPs simultaneously has not been achieved until now. Chapter
4 demonstrates that the growth method of using a nozzle at the end of the deposition tube
allows not only the control of Si-NP sizes while maintaining crystallinity, but also a separation
of zone pressures. This knowledge allows for growth of high quality a-Si and precise Si-NP
size manipulation and deposition rate to occur in the same reactor. This chapter represents
new data for how these optimized materials react when grown together.
5.1 Experimental Setup
As mentioned in section 3.1, the a-Si parameters do not change, and with the inclusion
of the nozzle for the Si-NP growth, the chamber can be kept at 500 mTorr for all of the flow
rates used, allowing for high quality growth of a-Si for all depositions. To separate the two
reaction zones, the 0.5 mm nozzle was chosen because it still allowed for quantum confined
Si-NPs, but also created relatively crystalline particles. While having more nozzle sizes for
the growths would have been ideal, in the configuration of the system at the time, changing
a nozzle was extremely time consuming. The growths were characterized by Raman, FTIR,
and XRD.
Before proceeding with growth, an experiment was conducted to ensure that the hybrid
chamber’s base pressure would not reach above the pressures used for a-Si growth. In
Figure 5.1, the dual zone pressure curve is shown in red, compared to the stand-alone Si-NP
chamber pressure seen in black. The dual zone chamber is far lower than that of the Si-NP
chamber. This is because the a-Si chamber of the dual zone reactor has a much wider exit
and a much closer and stronger pump. Also, similarly to the Si-NP reactor zone, changing
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the chamber pressure in the dual zone reactor did not change the pressure in the Si-NP
reactor tube, supporting the conclusion that the nozzle effectively separates the two zones.
This allows for the growth of a-Si in any Si-NP flow rate scenario, as the chamber pressure
(which can be increased with a throttle valve, but not decreased) needed for good a-Si growth
is 0.5 Torr, while the highest pressure in the deposition chamber from very high flow rates
of Si-NP precursor gas is below 0.1 Torr.
Figure 5.1: Pressure vs flow rate of dilute silane in the SANPR’s chamber and the dual zone
hybrid chamber. Remember that all nozzle sizes result in the same chamber pressure curve.
The pressure vs flow rate of the dual zone chamber is far lower than that of the SANPR,
probably because of the larger exit area and the shorter distance to the pump. This allows
for the dual zone chamber to be throttled to 0.5 Torr, necessary for quality a-Si growth.
Since the nozzle size in this case was not changed, the only variable that was modified
was the precursor gas flow, which directly effects the a-Si to Si-NP composition of the film.
Flow rates of 60, 100, and 150 sccm were used, and the substrates were silicon. Concurrent
growth took place for 30 minutes. While an RF power of 80 Watts was used for the stand-
alone Si-NP experiments, this same power only allowed for flow rates of 120 sccm and above
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because of the issues with plasma coupling geometries discussed in section 3.2.1. Since the
Si-NPs are funneled through a nozzle, the location for the deposition is a circle with the
center region having the most Si-NPs and the density trailing off from that location in all
directions. In order to have flow rates that created a sequence of films where the fraction of
Si-NPs in the film varied from below 10% to nearly 100% considering variation across each
film and from film to film, lower flow rates were required, thus 50 Watts were used for the
RF power to the Si-NP reactor’s electrodes. The a-Si growth environment did not vary and
was similar to those mentioned in section 3.1, where the chamber pressure was throttled to
0.5 Torr, the pure silane precursor gas flow was fixed at 20 sccm, the substrate temperature
was 200◦C, and the RF power was 1 Watt. Both the a-Si and Si-NP precursor gases were
left to flow for 5 minutes to allow gas and chamber pressure to come to equilibrium after
which both RF power sources were turned on at the same time.
5.1.1 Cross Flow to Limit Si-NP Growth
As mentioned before, the lower limit for Si-NP precursor gas was set by the plasma
coupling problems explained in section 3.2.1. Once the two reactors were isolated, there
were now two ways of controlling material composition. It was found that by increasing the
flow of the a-Si precursor gas, the amount of Si-NPs in the film for a fixed Si-NP precursor
gas flow rate could be markedly reduced. The technique is dubbed ”cross flow” because the
a-Si precursor gas flows perpendicular to the deposition stream of the Si-NPs (see Figure 2.3).
While the mechanisms behind this phenomenon are not entirely understood, it is likely for
high silane precursor flow rates, the a-Si precursor gas sweeps a fraction of the Si-NPs away
into the pumping system before they reach the substrate and are incorporated in the film.
However, the uncertainty of the mechanism behind the growth rate reduction, along with
the fact that Si-NP precursor gas flow rate was a more accurate metric, caused us to focus
on using Si-NP precursor gas flow rate to control the crystalline fraction. Cross flow may
still prove to be a useful technique in future experiments and so will be covered here.
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In order to test to see if high a-Si precursor gas flow rates affected material quality, two
samples of conventional a-Si were grown with flow rates of 40 and 60 sccm, as opposed to the
standard 20 sccm. It was found that there was no reduction in a-Si quality and there was also
no significant increase in growth rate. This is supported by the fact that 20 sccm provides
enough material for growth, and that the reaction is not limited by available material. Thus,
increasing the amount of precursor gas in the reaction will not affect growth and excess silane
that is not consumed during flow through the chamber passes into the pump unreacted.
In order to understand what variables affect the decrease in Si-NP growth rate, two
experiments were run to separate the a-Si parameters of chamber pressure and silane cross
flow. In both cases, pressures and flows corresponding to typical growth conditions in the
a-Si deposition chamber were used, but no plasma was struck in the chamber so no a-Si grew.
This allowed the deposition rate of the Si-NPs on the substrate to be determined. When the
chamber pressure was increased to 500 mTorr, but the flow rate was still 20 sccm, there was
no change in the Si-NP growth rate. There was also no decrease in Si-NP growth rate when
flow rates of 40 and 60 sccm of pure silane cross flow were applied to the Si-NP stream with
the chamber’s throttle valve at full open, allowing the chamber to be at its lowest pressure.
Thus it was only the combination of the high chamber pressure and high cross flow rate that
causes the Si-NP growth rate to decrease.
5.2 Results and Discussion
While a study of PL was conducted on all samples, the data was difficult to interpret.
First, at room temperature, there was no PL signature. This quenching of emission intensity
has been reported and is understood to be carrier thermalization from the band-tail states
[64]. If PL of the co-deposited samples studied here is performed at around 80 K, the
location of the a-Si peak may shift from 1.2 to 1.4 eV depending on the amorphous fraction
and the interaction with the nanocrystals, there may be both crystalline and amorphous
contributions that overlap, and the c-Si peak may be shifted under 1.0 eV - beyond the
detection limit of the PL characterization system used in this thesis, causing identification
61
of Si-NP sizes to be problematic [64, 65]. However, this interaction is still interesting, and
is being pursued by a colleague.
XRD is likely the most reliable technique for obtaining amorphous fraction for these
samples, as it measures Si-Si bonds directly, and has clearly defined peak locations and in-
tensities for c-Si and a-Si, as well as now being the only method to measure Si-NP size.
Figure 5.2 displays the data obtained from XRD on the three co-dep samples grown with
Si-NP precursor gas flow rates of 60, 100, and 150 sccm. As with the stand-alone Si-NP
depositions the XRD spectra have been deconvolved. To start, a curve matching a conven-
tional a-Si spectrum (orange) was normalized to the intensity of the 38 degree mark of the
raw spectrum (red). Then, the rest of the raw curve was fit using conventional crystalline
peak locations (111, 220, and 311), and the a-Si that is associated with Si-NPs (28 and 52
degrees) (blue), as discussed in section 2.7. The peaks from Si-NP associated a-Si that are
presented in green in Figure 2.16 were omitted for clarity, but can be deduced from the
shoulder in the 111 signal and the peak between the 220 and 311 signals. The black curve
is the sum of the orange and blue curves. This demonstrates the ability for XRD to detect
both conventional a-Si and a-Si that is associated with the Si-NPs.
As expected, as the flow rate increases, there is a noticeable decrease in the amorphous
fraction. Table 5.1’s “a-Si/Si-NP” column displays the amorphous fraction when the inte-
grated intensity of the orange a-Si spectra is compared to the integrated intensity of the blue
Si-NP component. The result is 73, 52, and 28% for 60, 100, and 150 sccm respectively. This
is a very reasonable result, as the amorphous fractions decrease by almost 25% for each 50
sccm increase in flow rate. The “All a-Si” column is a calculation of a-Si fraction that in-
cludes both the component of the deconvolution associated with conventional a-Si (orange)
and the amorphous component associated with the SiNPs themselves as discussed in the
last chapter. This required an additional deconvolution of the blue curve into crystalline
and amorphous components. This calculation is potentially useful if a certain percentage
of pure c-Si was needed, instead of a fraction of Si-NPs. All of the flow rates resulted in
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Figure 5.2: XRD for all three co-deposited samples with precursor gas flow rates of 60,
100 and 150 sccm. The orange line represents the conventional a-Si obtained by scaling an
amorphous signal up to the intensity at 38 to 40 degrees. The rest of the amorphous is
assumed to be from the Si-NPs, and can be seen in the peak at 52 and 28-30 degrees. As
the flow rate increases, the conventional a-Si fraction decreases. For 100 and 150 sccm, the
amorphous fraction of the Si-NPs is consistent with their stand-alone counterparts, however,
the 60 sccm has less (Table 5.1). It is possible that the large amorphous fraction from the
entire sample obfuscates the amorphous signal from the Si-NPs.
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values above 50% amorphous, meaning much higher flow rates may be needed if the actual
crystalline fraction was required to be at or above 50%.
When the a-Si fraction is extracted from just the Si-NP component of the XRD spectra
(blue), the 100 and 150 sccm samples result in Si-NPs that were 28 and 29% amorphous,
which is very similar to the averages of the stand-alone samples discussed in the last chapter.
However, the 60 sccm sample came to 18% amorphous, which is just over half the value for
the other flow rates. Although Si-NPs grown with a 0.5 mm nozzle were not characterized
by XRD in the last chapter, they were studied with Raman and FTIR. A large drop in
amorphous content with 60 sccm relative to 100 and 150 sccm was not observed with these
other techniques. While it is possible that the amorphous content of the Si-NPs decreases
with a decrease in flow rate, what is more likely is that the amorphous fraction of the
surrounding material is so large that its XRD signal leads to uncertainty in extraction of
the amorphous fraction associated with the SiNPs themselves. If the amorphous fractions
arising from conventional a-Si and the amorphous signature associated with the Si-NPs are
assumed to be correct, it is likely that the Si-NPs are almost completely unchanged by the
co-deposition process.
Table 5.1: Numerical values for the XRD amorphous fractions obtained from the integrated
intensities of the graphs in Figure 5.2. The “Si-NP” column is the amorphous fraction from
just the blue lines, the “a-Si/Si-NP” column compares the total blue line to the orange line,
and the “a-Si/c-Si” column compares all a-Si from both Si-NPs and the matrix to just the
main blue crystalline XRD peaks present.
Co-Deposition XRD a-Si Fraction (%)
Sample Si-NP a-Si/Si-NP a-Si/c-Si
60 sccm 17.8 72.8 78.7
100 sccm 27.7 52.1 70.5
150 sccm 29.5 27.7 57.9
The Scherrer equation was fitted to the Si-NP related 111 diffraction peaks (blue) in
Figure 5.2 to estimate the Si-NP sizes. While the results, seen in Table 5.2, are smaller than
expected, if they are multiplied by the error that arises from the Scherrer calculations done
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on the stand-alone Si-NPs (1.70), they fall within 6% of the values obtained from PL on
the stand-alone Si-NPs grown with a 0.5 mm nozzle at the same flow rates. From this, the
Scherrer equation, albeit with an adjustment factor, is an effective way at measuring Si-NP
size not only from stand-alone Si-NPs, but also when they are inside an amorphous matrix.
Table 5.2: Scherrer Equation applied to the Si-NP related 111 peak (blue) for each sample
in Figure 5.2. If the results are multiplied by the adjustment factor mentioned in Table 4.2
(1.7), the size of the Si-NP matches up well with values obtained from PL on their stand-alone
counterparts.
Sample
Scherrer Eq.: Adjusted 0.5 mm Si-NP
Si-NP Size (nm) (nm) PL Size (nm)
60 sccm 2.85 4.85 5
100 sccm 3.76 6.39 6
150 sccm 3.61 6.14 6
FTIR is essential not only in supporting evidence for amorphous fraction, but also the
only way to measure hydrogenation of both a-Si and Si-NPs in each sample. The deconvo-
lution, shown in Figure 5.3, follows the same color scheme used for Si-NPs in the previous
chapter: light blue for “surface” Si-H (attributed to the a-Si portion of the Si-NP), dark
blue for Si-H, green and orange for Si-H2, pink for Si-H3, and purple for H-Si-O-Si. The
conventional a-Si curve is the large olive colored Gaussian curve at 2000 cm−1. As with
XRD, the red is the raw data and the black line is the total fit from all the deconvolution
curves. An extra curve in dark green was added to the 150 sccm sample at 2050 cm−1, as
the fit would not work without it. It is likely some type of amorphous material on the Si-NP,
as it is between the conventional a-Si and the “surface” amorphous peak, but has not been
definitively identified in the literature.
As discussed in the last chapter, using FTIR to determine amorphous fraction is indirect
because it is based on the number of Si-H bonds in each phase rather than on the actual
amount of Si. The results, however, support the XRD’s findings that the amorphous fraction
decreases appreciably as the flow rate for the Si-NPs increases, described in Table 5.3’s “a-
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Figure 5.3: FTIR for all three co-deposited samples with precursor gas flow rates of 60,
100 and 150 sccm. The large olive curve at 2000 cm−1 represents conventional a-Si, while
the remainder of the curves are from Si-NPs. As with XRD, as the flow rate increases, the
amorphous fraction goes down. The light blue curve that represents the amorphous fraction
of the Si-NPs increases in height and width as the conventional a-Si increases, suggesting
that the Si-NP amorphous may be affected by co-deposition.
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Si/Si-NP” column. As outlined in section 2.5.1, to calculate the a-Si fractions from FTIR
spectroscopy the number of Si-Si bonds need to be estimated from the number Si-H bonds
present in the two phases. The Si-NP diameter D used in 2.1 and 2.2 are taken from the
Scherrer adjusted values from Table 4.3. The correction factor for the amorphous integrated
intensities for 60, 100, and 150 sccm were 0.37, 0.48, and 0.46 respectively. When comparing
the integrated intensity of the a-Si to the Si-NP peaks in FTIR to obtain amorphous fraction,
the correction factor is applied to the a-Si integrated intensity to estimate the ratio of Si-Si
bonds instead of Si-H bonds.
At 60 sccm, the a-Si peak dominates over the Si-NP peak, giving 44.7% a-Si. At 100, the
Si-NP portion becomes larger bringing the amorphous fraction down to 32.3%, and at 150
sccm, the a-Si peak is barely discernible, exhibiting only 2.5%. This is somewhat unexpected,
as both XRD and later Raman display a much larger signal for 150 sccm. It is possible that
the a-Si is being stripped of its hydrogen atoms in this case. Another possibility is that
FTIR has a much smaller characterization zone than XRD, and so is only picking up the
very center of the sample, where most of the conventional a-Si may be pushed away from
the large stream of Si-NPs, and that Raman simply gives a larger a-Si signal because of its
bias towards detecting a-Si.
Another interesting feature is that the light blue Si-H peak, which we have associated with
an a-Si component on the surface of the Si-NPs, increases in both height and width in parallel
with the increase in the conventional a-Si peak at 2000 cm−1. This makes the Si-NP a-Si
fraction decrease with an increase in flow rate (Table 5.3 “Si-NP” column). Interestingly,
XRD reveals a different trend: where the a-Si fraction of the Si-NP increases instead (or
stays the same, if the argument about a-Si signal saturation is taken into consideration).
Unlike XRD, however, the spectrum for conventional a-Si in FTIR is extremely well defined;
showing up as a single large Gaussian curve at 2000 cm−1. This means that any addition
to this curve must be coming from the Si-NPs or an interaction between the Si-NPs and
the a-Si. Figure 5.3 demonstrates that both a-Si and Si-NPs maintain a high degree of
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hydrogenation for all flow rates. However, the Si-NP peaks at lower flow rates have much
larger widths than their stand-alone counterparts, may relate to an increase in disorder or
interaction with their neighbors [66].
If both the conventional and the “surface” Si-H peaks are used to evaluate the a-Si
fraction (Table 5.3 “a-Si/c-Si” column), the resulting numbers are very similar to XRD’s
“a-Si/Si-NP” column, though a more thorough experiment should be performed to support
this correlation before assuming that this is a repeatable phenomenon.
Table 5.3: Numerical values for the FTIR amorphous fractions obtained from the integrated
intensities of the graphs in Figure 5.3. The “Si-NP” column is the amorphous fraction from
the Si-NP related peaks only, the “a-Si/Si-NP” column estimates the ratio of co-deposited
a-Si to SiNPs using the integrated intensity the of conventional a-Si peak (olive in Figure 5.3)
and the Si-H peaks that are associated with the SiNPs (including the light blue “surface”
peak). The “a-Si/c-Si” column sums the conventional (olive) and “surface” (light blue) a-Si
peaks and compares them to the crystalline Si-NP peaks.
Co-Deposition FTIR a-Si Fraction (%)
Sample Si-NP a-Si/Si-NP a-Si/c-Si
60 sccm 51.4 44.7 73.2
100 sccm 43.0 32.3 61.4
150 sccm 18.1 2.5 20.1
Raman is the fastest characterization method of the three that were used to estimate
a-Si composition in this chapter. Like XRD, it measures the Si-Si bonds directly. However,
it is notorious for giving difficult to interpret data for nc-Si. Previous studies of co-deposited
material, as well as traditional nc-Si, have used Raman spectroscopy extensively [9, 10, 22,
63]. The results of these earlier studies are in good agreement with the results presented
here regarding peak height and shape.
Continuing the color convention for plots in this chapter, the red lines in Figure 5.4
represent the raw Raman spectrum whereas the orange, green, and blue lines represent the
LA, LO, and TO modes of a-Si respectively. These three curves together are subtracted
from the raw data to get the black line, which represents the curve for the Si-NPs. Following
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the same trend as FTIR and XRD analyses above, the amorphous fraction decreases as the
flow rate for the Si-NPs increase. The Si-NP peak obtained from subtracting the amorphous
components has a similar tail for all samples that extends out to 475 cm−1. Similarly to
the stand-alone Si-NP Raman analysis, the amorphous fraction calculations were done using
only the amorphous TO mode to the crystalline peak. The results, seen in Table 5.4, show
a very large amorphous fraction for every sample compared to the other characterization
techniques.
Unfortunately, it is very difficult to extract the portion of the a-Si signature in Raman
that is associated just with the SiNPs out from peak arising from the conventional a-Si since
they lie on top of one another. Even if a raw spectrum obtained from stand-alone Si-NPs
is scaled up to overlap the crystalline peak of a co-deposited sample that includes Si-NPs
grown under the same conditions, many times the a-Si component of the stand-alone Si-NP
will be larger than the amorphous peak in the co-deposited sample. Therefore, only the total
a-Si can be compared to the total c-Si in each sample.
Table 5.4: Numerical values for the Raman amorphous fractions obtained from the integrated
intensities of the graphs in Figure 5.4. Since it is difficult to extract the a-Si portion of the
Si-NPs out from the conventional a-Si for the co-deposited samples, only the integrated








There are a few qualitative observations when comparing the stand-alone and co-deposited
data. First is that the LA and LO modes of the co-deposited sample seem to fit the data
quite well out to 250 cm−1, whereas in the stand-alone samples the signal remains constant
out to 150 cm−1. Fitting it to an LA and LO mode works well between 300 cm−1 and 500
cm−1, but not at lower wavenumber. In the co-deposited material, there is a small signal
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Figure 5.4: Raman spectroscopy for all three co-deposited samples with precursor gas flow
rates of 60, 100 and 150 sccm. The orange, green, and blue lines represent the LA, LO, and
TO modes of a-Si respectively. These three curves together are subtracted from the raw data
to get the black line, which represents the curve for the Si-NPs. As expected, as the flow
rate increases, the amorphous fraction decreases. Each sample exhibits a tail trailing out to
the left for the Si-NPs, which may indicate quantum confinement or simply an additional
amorphous component. 70
that can be seen at the very tail end of each sample at 200 cm−1 that may be the remnants
of the Si-NP’s amorphous signal, however, without full knowledge of what these signals are,
it remains speculation. The second observation is that both the LA and LO modes are much
more comparable in size to the TO mode in the stand-alone samples, where the LA modes
is regularly 75% of the TO mode. In the co-deposited samples, however, they are around
30% or lower in intensity. While it is certain that both the Si-NP and the a-Si have these
three signals, since they appear in the exact same location, determining how much each is
contributing is difficult.
In order to give an overview for the three co-deposited samples and their amorphous
fractions, Figure 5.5 was organized from all of the “a-Si/c-Si” data from the three char-
acterization methods. The Si-NP precursor gas flow rate for the three samples are on the
X axis, while amorphous fraction is on the Y. The blue triangles are Raman, red circles
are XRD, and black squares are FTIR. Note that the amorphous fraction in these calcula-
tions are purely in terms of physical material content and not the entire deposition area.
For example, a 100% Si-NP deposition would contain numerous void spaces because even if
the Si-NPs are deposited in an extremely tight cluster, they still suffer from the maximum
spherical packing density of 74%.
The general trend found in every characterization technique, is that the total amorphous
fraction decreases as the flow rate increases. Also, the Raman data is always higher than the
XRD data, which is in turn higher than the FTIR data. A Pearson’s chi-squared test was
performed on the data from each characterization technique done on the 100 sccm sample
to check for goodness of fit from the deconvolution to the raw data. It was found that if the
deconvolved fit was more than 10 % off the best fit possible, it would increase the amorphous
fraction, in absolute numbers, by 1.28 %, 0.49 %, and 0.12 % for XRD, FTIR, and Raman
respectively. However, in order to create a 10 % difference in the fit, the Gaussian peaks
would have to be visibly displaced from the raw curve. Therefore, it is unlikely that an error
above 1 % was created during the deconvolution of these fits.
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Figure 5.5: A plot of the “a-Si/c-Si” for the co-deposited material at the three Si-NP precur-
sor gas flow rates of 60, 100, and 150 sccm with respect to three characterization techniques.
The blue triangles are Raman, red circles are XRD, and black squares are FTIR.
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CHAPTER 6
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
A stand-alone reactor that allows for selectable Si-NPs sizes via a nozzle has been demon-
strated. Using a nozzle in a dual-zone reactor setup also separates the a-Si and Si-NP pres-
sures, allowing for high quality a-Si to be grown with a wide range of Si-NP precursor gases
to be selected (affecting amorphous fraction) while still maintaining the desired Si-NP size.
By adhering a nozzle with a specific sized slit to the end of the quartz tube, the pressure in
the reaction zone for any one flow rate can be controlled. Changing the nozzle size alters
the pressure vs flow curve and changes the size of the Si-NPs grown. For nozzle sizes used in
this thesis (0.1 to 0.9 mm) Si-NPs with PL determined diameters from 10 to 4 nm could be
reproducibly grown. For a given nozzle size, changing the flow and hence pressure gave rise
to smaller changes in Si-NP size. From a practical standpoint, this allowed the desired Si-NP
size for co-deposition to be fixed by the choice of the slit. FTIR, XRD, and Raman display
that the amorphous fraction of the Si-NPs does not significantly change with differing nozzle
sizes or flow rates, but that FTIR determined amorphous fraction was consistently lower
than XRD, which was lower than Raman.
A summary of the thirteen stand-alone Si-NP samples grown in this thesis is displayed
in Figure 6.1. In this graph, the data point size is an indicator of Si-NP size (from 4 to 10
nm) and the lightness of the point indicates the amorphous content from FTIR (light gray
being 19 % and black 12 %), while the two affecting variables, flow rate and nozzle size, are
on the x and y axis respectively. In general, an increase in nozzle size or decrease in flow rate
will result in smaller Si-NPs. The amorphous fraction of the material is less consistent, but
in general will decrease with a decrease in nozzle size and increase in flow rate (save the two
outliers with nozzle sizes 0.1 and 0.9 mm at 150 sccm, which show a significant increase in
amorphous fraction). Note that this is only for the stand-alone Si-NPs; during co-deposition,
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the amorphous fraction of the material can be increased up to 100 % or decreased to a sample
of just pure Si-NPs (which contain 12-19 % disordered silicon when grown alone). Another
potential source of error involves variations from one growth run to the next, however, direct
comparison of amorphous fractions for two co-deposited samples prepared under identical
conditions was not made.
Figure 6.1: A summary of the thirteen stand-alone Si-NP samples grown in this thesis. The
data point size is an indicator of Si-NP size (from 4 to 10 nm) and the lightness of the point
indicates the amorphous content from FTIR (light gray being 19% and black 12%) while the
two affecting variables, flow rate and nozzle size, are on the x and y axis respectively.
Figure 6.2 shows a summary of the capabilities of a nozzle-based reactor. It allows for a
large range of flow rates and Si-NP sizes. The upper pressure regions are inaccessible because
a nozzle size of less than 0.1 mm may cause clogging in the nozzle, as well as a high pressure
buildup behind the nozzle can cause cracking in the adhesive between the nozzle and the
tube. The lower pressure regions are inaccessible because even without the nozzle, there is
a lower pressure limit that will arise naturally because of the flow rate of the precursor gas.
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Growth of Si-NPs close to the origin (in terms of both pressure and flow) is difficult because
the plasma coupling becomes unsuitable for Si-NP growth. It’s worth noting that many of
these constraints were specific to the geometry of the growth system developed in this thesis
project and could be mitigated by changing the geometry of the quartz tube reaction zone,
such as changing the diameter or length of the tube. The remaining growth region allows
for co-deposited nc-Si films with quantum confined Si-NPs and material fractions that vary
from near 0 to 100%. Note that
Figure 6.2: A summary of the capabilities of a Si-NP PECVD reactor that uses variable
nozzle sizes. A large range of flow rates and Si-NP sizes are available with this setup. The
nozzle size cannot be practically reduced beyond 0.1 mm, restricting an increase in Si-NP
size. The plasma does not allow for Si-NP at lower flow rates and pressures, so very low
flow rates cannot be achieved. Finally, the reactor in this experiment could not reduce the
pressure beyond “no-nozzle (or very large nozzle sizes). However, all of these limitations can
be overcome with different reactor geometries, such as an increase in width and length of
the quartz tube.
The curvature of the deposition chamber’s pressure-to-flow curve downstream of the
nozzle was analyzed and data supports that the pumping speed is the main contributing
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factor. However, as long as the pressure inside the chamber is lower than that of the reaction
zone, the growth conditions in the reaction zone will not be affected by any changes in the
downstream pressure. This is advantageous for a co-deposition system, as two separate
pressures are needed in each zone.
The stand-alone Si-NP reactor system was incorporated into a standard a-Si reactor to
create a dual-zone reactor capable of depositing both a-Si and Si-NPs simultaneously. With
the inclusion of a nozzle between the two reactors, optimization of the pressure in each zone
was possible, allowing for high quality a-Si and Si-NPs to be grown, while also changing the
deposition rate of the Si-NPs without significantly affecting the quality of either material.
Different sized Si-NPs could be selected changing the nozzle size.
The co-deposited samples were analyzed with FTIR, XRD, and Raman spectroscopy, and
all found that changing the flow rate of the precursor gas did indeed change the amorphous
fraction of the material without too much detriment to the crystallinity of the Si-NPs. FTIR
and XRD proved the most useful because of their capabilities to separate the a-Si signals
originating from the Si-NPs or the conventional a-Si, although more work is needed to
establish the accuracy of these techniques.
COMSOL simulations were performed to model, and possibly predict Si-NP sizes and
pressure-to-flow relationships for future experiments. While the simulation followed the
curvature seen in the experiments, the phenomenon was slightly more pronounced in the
simulation. Despite this, trends for the changes in nozzle sizes can be determined.
Using this approach, co-deposition of controlled-size Si-NPs with the optimal growth
conditions of a-Si across a broad range of Si-NP/a-Si compositions has been achieved for
the first time. This was done by adding a nozzle between the two reactors. This not only
accelerated the Si-NPs towards the sample, creating a uniform film that is not achievable
with a wide-open tube, but also separated the two reactors’ chamber pressures, allowing the
a-Si chamber to be at a low pressure and the Si-NP reactor to be at a higher pressure.
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6.1 Future Research Suggestions
The experiments and simulations done in this thesis will allow for future research to be
conducted on co-deposited materials with more precision than before. The first suggestion
would be to experiment with different nozzle sizes and flow rates, creating a smoother gra-
dient between growth parameters and fill in the gaps for deposition variables. With this, it
may be possible to quantitatively predict Si-NP sizes for a given growth environment.
Additional characterization techniques, such as TEM, electron spin resonance, cold PL,
atom probe tomography, and film thickness measurements would significantly add support to
understanding the growth mechanisms, especially when attempting to understand the amor-
phous shell surrounding a stand-alone Si-NP. The dual zone reactor could also be modified
to have several different selections of nozzle sizes that could be changed without opening the
chamber. This would allow for multiple sizes Si-NPs to be grown in layers in a co-deposited
sample without changing the flow rate.
With the characterization methods used here, the amorphous shell of the Si-NPs could
possibly be removed using HF, consumed through oxidation, or modified by changing the
energetics of the surface through attachment of organic ligands. In-situ measurements could
be made to see if the amorphous shell does indeed disappear, and how quickly it happens.
For co-deposition, taking measurements not only in the center of the sample, but in several
different areas would help understand the deposition zone for the co-deposition reactor.
Alternatively, different nozzle sizes that spread Si-NPs evenly across the surface would be
equally as useful. The dual zone reactor could also be modified to have several different
selections of nozzle sizes that could be changed without opening the chamber. This would
allow for multiple sizes of Si-NPs to be grown in layers in a co-deposited sample without
changing the flow rate.
Finally, the co-deposition nozzle technique can also be applied to any material that uses
PECVD for deposition such as silicon nitride and silicon carbide matrices, or germanium
NPs. This will allow for mixing of matrix and NP material, while being able to keep the
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desired chamber pressure and NP size constant during the process.
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